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ABSTRACT
Composite Multifunctional Lithium Ion Batteries
Joshua Mullenax
The goal of this work was to design a battery that serves as the structural
material as well as the power source for a transportation vehicle. The combination of
both mechanical and electrochemical aspects within one material defines the
component as a multifunctional material, or in this case, a multifunctional battery. The
design of the composite multifunctional batteries for optimal performance involves the
proper selection of the materials, architecture, and electrical interconnection. The
ultimate goal is to incorporate a battery with a continuous composite fibrous fabric within
the structured composite skin of a vehicle (such as an automobile or aircraft).
This work included a survey of the electrochemical potential of multiple
composite fabrics, such as fiberglass and modified carbon fiber, as substitutions for the
electrode and separator materials of the battery. Each modified material was examined
by a typical cyclic voltage-capacity testing in a traditional button cell platform. The
performance for the use of the modified carbon fibers as the anode was then compared
to the performance of conventional lithium ion materials to see which of the
pretreatments improved the carbon fiber’s performance. In addition to this
electrochemical testing, flexure and tensile mechanical data of various geometries of
perforated pouch cell architectures were examined under varying structural loads while
the battery was electrochemically tested. In-situ testing of structural cells was conducted
to determine the best configuration for object specific structural batteries.

Table of Contents
Abstract ............................................................................................................................ii
Table of Contents ............................................................................................................ iii
List of Figures ..................................................................................................................vi
List of Tables ................................................................................................................... x
List of Equations ..............................................................................................................xi
Chapter 1: Introduction .................................................................................................... 1
1.1 Background ............................................................................................................ 1
1.2 Goals of Research ................................................................................................. 1
1.3 Organization........................................................................................................... 2
Chapter 2: Literature Review........................................................................................... 3
2.1 General Description of a Battery ............................................................................ 3
2.2 Components of a Battery ....................................................................................... 3
2.3 Categories of Batteries .............................................................................................. 3
2.3.1 Primary Battery ................................................................................................ 3
2.3.2 Secondary Battery ........................................................................................... 4
2.3.3 Reserve Battery ............................................................................................... 4
2.4 Lithium Battery History ........................................................................................... 5
2.5 Lithium Battery Architecture ................................................................................... 7
2.6 Battery Manufacturing Process ............................................................................ 10
2.6.1 Powder Synthesis .......................................................................................... 11
2.6.2 Ink synthesis .................................................................................................. 13
2.6.3 Electrode Deposition ...................................................................................... 14
2.6.4 Cell Construction ........................................................................................... 15
2.7 Lithium Battery Chemistry .................................................................................... 15
2.7.1 Cathode ......................................................................................................... 17
2.7.2 Anode ............................................................................................................ 18
2.7.3 Electrolyte ...................................................................................................... 19
2.7.4 Separator ....................................................................................................... 20
2.8 Battery Testing ..................................................................................................... 21
iii

2.9 Multifunctional Materials....................................................................................... 25
2.10 Structural Battery ............................................................................................... 26
2.11 Paths of Achievements ...................................................................................... 27
Chapter 3: Fabrication of the Novel Lithium Ion Cells ................................................... 29
3.1 Introduction .......................................................................................................... 29
3.2 Powder Processing .............................................................................................. 29
3.3 Calcination Studies .............................................................................................. 30
3.4 Particle Size Analysis ........................................................................................... 31
3.5 Active Electrode Particles .................................................................................... 33
3.5.1 Graphite ......................................................................................................... 33
3.5.2 LiCoO2 ........................................................................................................... 36
3.6 Formulation of Inks .............................................................................................. 38
3.6.1 Sonication ...................................................................................................... 38
3.6.2 Solid State Synthesis ..................................................................................... 39
3.6.3 Rheology........................................................................................................ 42
3.7 Electrode Deposition ............................................................................................ 42
3.8 Electrolyte Formulation ........................................................................................ 45
3.9 Separator Selection ............................................................................................. 47
3.10 Test Cell Construction ........................................................................................ 49
3.11 Performance Testing .......................................................................................... 56
3.11.1 Split Cell....................................................................................................... 59
3.11.2 Electrolyte .................................................................................................... 61
3.11.3 Preliminary Composite Performance Data ................................................... 63
3.11.4 Cast Thickness/Anode Material ................................................................... 65
3.11.5 Solid Electrolyte Interface Formation ........................................................... 71
3.11.6 Off-the-Shelf Powder vs. In-House Synthesized Powder ............................. 73
Chapter 4: Electrochemical Evaluation of Multifunctional Materials .............................. 76
4.1 Introduction .......................................................................................................... 76
4.2 Carbon Fiber Experimental Treatments ............................................................... 77
4.3 Characterization of Carbon Fiber Treatments ...................................................... 79
4.4 Carbon Fiber Electrochemical Performance Testing............................................ 85
iv

4.5 Discussion............................................................................................................ 91
Chapter 5: Mechanical Evaluation of Structural Cells ................................................... 93
5.1 Introduction .......................................................................................................... 93
5.2 Modifications to Classical Cell Architecture.......................................................... 93
5.3 Composite Samples ............................................................................................. 94
5.3.1 Design ........................................................................................................... 94
5.3.2 Fabrication ..................................................................................................... 99
5.3.3 Four Point Beam Analysis............................................................................ 103
5.3.4 In-Situ Multifunctional Battery Four Point Beam Analysis ............................ 107
5.4 Discussion.......................................................................................................... 112
Chapter 6: Conclusions and Future Work ................................................................... 114
References .................................................................................................................. 116
Appendix A .................................................................................................................. 125

v

List of Figures
Figure 1 - Comparison of the volumetric and gravimetric energy density with different
battery systems [5]. ......................................................................................................... 6
Figure 2 - Diagram of a classical spun cylindrical cell type battery construction [8]. ....... 7
Figure 3 - Laminated lithium prismatic cell layers [2]. ...................................................... 8
Figure 4 - Illustration of polymer enhanced electrodes in a pouch battery [11]. .............. 9
Figure 5 - Demonstration of the swelling effect in pouch batteries. ................................. 9
Figure 6 - Cross sectional view of common layers in a coin cell [4]. ............................. 10
Figure 7 - General overview of the several processes involved in manufacturing lithium
batteries [3]. .................................................................................................................. 11
Figure 8 - SEM micrograph of large grain powders made from a classical solid state
synthesis [13]. ............................................................................................................... 12
Figure 9 - SEM micrograph of LiCoO2 powders obtained from a hydrothermal synthesis
[14]. ............................................................................................................................... 12
Figure 10 - SEM micrograph of LiCoO2 powders derived from a sol gel method [12]. .. 13
Figure 11 - Variety of secondary type lithium ion battery components [2]. .................... 16
Figure 12 - Charge and discharge chemistry of a typical lithium ion battery [24]. ......... 17
Figure 13 - Layered structure of LiCoO2 showing the lithium ions between the
transitional metal oxide sheets [25]. .............................................................................. 18
Figure 14 - Microstructure of a micro porous polymer film manufactured by (A) dry
process and (B) wet process [40]. ................................................................................. 21
Figure 15 - Schematic of the formation of the SEI layer by electrolyte decomposition of
carbonate electrolytes [35]. ........................................................................................... 23
Figure 16 - Specific capacity and coulombic efficiency trend vs. number of cycles of a
LiCoO2/graphite cell cycled at a 1C rate [52]. ................................................................ 24
Figure 17 - Conventional lithium ion cathode discharge performance compared to a
structural electrode modified with carbon nanofiber [11]. .............................................. 25
Figure 18 - DARPA Wasp micro-air vehicle with lithium ion pouch cells integrated into
the composite wing skin structure [59]. ......................................................................... 27
Figure 19 - A schematic of the first battery architecture showing a cell embedded within
a laminate composite of continuous fiberglass and carbon fiber weaves running through
the structure. ................................................................................................................. 28
Figure 20 - A schematic cross section of the second battery architecture, which consists
of reinforcement vias passing through the active components within a pouch battery;
therefore, allowing for further shear reinforcement through the interior of the battery
compartment. ................................................................................................................ 28
Figure 21 - Overlay of X-Ray diffraction scans of LiCoO2 cathode powder calcinated at
different temperatures. .................................................................................................. 31
Figure 22 - Average particle size as a function of milling time from 0.5 – 9 hours......... 32

vi

Figure 23 - Scanning electron micrographs of (A) natural graphite powder and (B)
synthetic graphite powder. ............................................................................................ 34
Figure 24 - X-Ray diffraction pattern overlay of natural graphite and synthetic graphite
powders......................................................................................................................... 34
Figure 25 - Scanning electron micrographs of (A) in-house synthesized LiCoO2 and (B)
off the shelf LiCoO2 powder. ......................................................................................... 36
Figure 26 - X-Ray diffraction pattern overlay of the in-house synthesized powder
compared to an off the shelf powder. ............................................................................ 37
Figure 27 - Scanning electron micrographs of conductive additives (A) carbon black
(Timcal, Super C45) and (B) carbon nanofiber (Pyrograf Products, PR-19-XT-LHT). ... 40
Figure 28 - Tape casted cathode electrodes for lithium ion batteries. (A) Unsuccessfully
fabricated electrode and (B) successfully manufactured electrode. .............................. 44
Figure 29 - Micrographs of unused tri-layer PP/PE/PP separators (A) MTI Corporation
battery film (B) Celgard 2325 film. ................................................................................. 48
Figure 30 - Micrographs of cycled tri-layer PP/PE/PP separators (A) MTI Corporation
battery film (B) Celgard 2325 film. ................................................................................. 49
Figure 31 - Three electrode split cell testing apparatus. ................................................ 50
Figure 32 - C-200 carbon dioxide programmable laser cutter system. .......................... 51
Figure 33 - Picture of coin cell fabrication pieces in glovebox. ...................................... 52
Figure 34 - Electrolyte mixing process conducted in inert atmosphere of glovebox. ..... 53
Figure 35 - Schematic of internal layered components comprised in performance test
coin cells. ...................................................................................................................... 54
Figure 36 - Battery arbor press with CR2032 coin cell dies, ready to crimp coin cell. ... 55
Figure 37 - Successfully epoxy sealed coin cell followed by a failed epoxy sealed coin
cell with electrolyte leakage from gaseous buildup. ...................................................... 56
Figure 38 - Initial battery test stand consisting of BK Precision's 9121A programmable
DC power supply and 8500 programmable DC electronic load cycling a three electrode
split cell in a battery testing box. ................................................................................... 58
Figure 39 - MTI Corporation 8 channel battery analyzer testing stand setup. ............... 59
Figure 40 - Baseline performance cycle of classical lithium ion architecture in a three
electrode split cell. ......................................................................................................... 60
Figure 41 - Electrolyte performance data consisting of the coulombic efficiency overlaid
with the normalized discharge capacitance of each electrolyte. .................................... 62
Figure 42 - Electrochemical testing data with different architectures including a novel
lithium ion cell, a substituted carbon fiber anode cell, and a substituted fiberglass
separator with carbon fiber cell. .................................................................................... 64
Figure 43 - Normalized initial coin cell capacitance comparing different anode
formulations over wet tape casting thicknesses. ........................................................... 67
Figure 44 - SEM micrographs of the composite structural electrode, including
conductive additives of carbon black and carbon nanofibers as a structural
vii

reinforcement (A) cathode electrode and (B) structural composite cathode manually
fractured to illustrate carbon nanofiber’s structural reinforcement. ................................ 68
Figure 45 - SEM micrographs of different anode formulations (A) natural graphite (B)
synthetic graphite (C) natural graphite with carbon additives (D) synthetic graphite with
carbon additives. ........................................................................................................... 69
Figure 46 - Cycling data overlaying the capacity fade of different anode formulations. . 70
Figure 47 - Solid electrolyte interface cycling formation tests........................................ 72
Figure 48 - Rate testing comparing in-house synthesized LiCoO2 powder to an off the
shelf (Sigma Aldrich) LiCoO2 powder at different charge and discharge rates. The key
represents the charge (C) and discharge (D) rate related to the capacitance of the cell.
...................................................................................................................................... 74
Figure 49 - SEM micrograph and corresponding XPS spectra deconvolution analysis of
unmodified T-300 commercial grade fibers. .................................................................. 79
Figure 50 - SEM micrograph and corresponding XPS spectra deconvolution analysis of
desized T-300 commercial grade fibers by a heat treatment of 200°C. ......................... 80
Figure 51 - SEM micrograph and corresponding XPS spectra deconvolution analysis of
desized T-300 commercial grade fibers by a heat treatment of 400°C. ......................... 80
Figure 52 - SEM micrograph and corresponding XPS spectra deconvolution analysis of
desized T-300 commercial grade fibers by an inert atmospheric heat treatment at
200°C. ........................................................................................................................... 81
Figure 53 - SEM micrograph and corresponding XPS spectra deconvolution analysis of
desized T-300 commercial grade fibers by an inert atmospheric heat treatment at
400°C. ........................................................................................................................... 81
Figure 54 - SEM micrograph and corresponding XPS spectra deconvolution analysis of
desized T-300 commercial grade fibers by a reducing atmospheric heat treatment at
200°C. ........................................................................................................................... 82
Figure 55 - SEM micrograph and corresponding XPS spectra deconvolution analysis of
desized T-300 commercial grade fibers by a reducing atmospheric heat treatment at
400°C. ........................................................................................................................... 82
Figure 56 - SEM micrograph and corresponding XPS spectra deconvolution analysis of
desized T-300 commercial grade fibers by a 1M hydrochloric acid treatment. .............. 83
Figure 57 - SEM micrograph and corresponding XPS spectra deconvolution analysis of
desized T-300 commercial grade fibers by a 1M nitric acid treatment. ......................... 83
Figure 58 - SEM micrograph and corresponding XPS spectra deconvolution analysis of
desized T-300 commercial grade fibers by a 1M sulfuric acid treatment. ...................... 84
Figure 59 - Cathode based specific capacity electrochemical performance data of the
different pretreatments conducted to the carbon fiber anode. ....................................... 87
Figure 60 - Anode based specific capacity electrochemical performance data of the
different pretreatments conducted to the carbon fiber anode. ....................................... 88

viii

Figure 61 - Anode based specific capacity electrochemical performance data of PAN
and Pitch based carbon fibers subject to the same pretreatments. ............................... 89
Figure 62 - Schematic of the one large via cell: 1.9. ..................................................... 95
Figure 63 - Schematic of the two large via cell: 2.9. ...................................................... 95
Figure 64 - Schematic of the three large via cell: 3.9. ................................................... 95
Figure 65 - Schematic of the one small via cell: 1.5. ..................................................... 96
Figure 66 - Schematic of the two via cell: 2.5. ............................................................... 96
Figure 67 - Schematic of the three via cell: 3.5. ............................................................ 96
Figure 68 - Schematic of the one, paired small hole cell: 2.55. ..................................... 97
Figure 69 - Schematic of the three via mixed cell: 3.959. .............................................. 97
Figure 70 - Schematic of the three via mixed cell: 3.595. .............................................. 97
Figure 71 - Schematic of the four via diamond cell: 4.5................................................. 98
Figure 72 - Schematic of the five via diamond cell: 5.5. ................................................ 98
Figure 73 - Picture of applying a thin layer of paste wax, with cloth, onto the glass sheet.
.................................................................................................................................... 101
Figure 74 - Schematic of typical components utilized in a vacuum forced epoxy infusion
system [93]. ................................................................................................................. 102
Figure 75 - Picture of in-situ epoxy flow during vacuum forced infusion on composite
batteries. ..................................................................................................................... 103
Figure 76 - Delamination occurring in mechanical samples during four point bending.
.................................................................................................................................... 105
Figure 77 - The stress and deflection ranges of the different proposed structural battery
architectures. ............................................................................................................... 106
Figure 78 - Picture of in-situ multifunctional battery analysis equipment. .................... 109
Figure 79 - Picture of in-situ multifunctional battery composite laminate delamination,
while electrochemically tested under mechanical four-point beam load. ..................... 109
Figure 80 - The in-situ analysis of a 1.9 large via multifunctional battery voltage, during
a C/2 discharge rate, aligned with corresponding four-point beam strength evaluations.
.................................................................................................................................... 110
Figure 81 - Electrochemical performance analysis of the 1.9 large via designed
multifunctional battery: before, during, and after mechanical deflection investigations.
.................................................................................................................................... 111

ix

List of Tables
Table 1 - Batch calculations for in-house synthesized LiCoO2 cathode powder. ........... 29
Table 2 - Batch calculations for solid state synthesized electrode inks. ........................ 41
Table 3 - Synthesized electrolyte batch calculations. .................................................... 46
Table 4 - Example of theoretical and experimental capacity calculations for in-house
fabricated coin cells. ...................................................................................................... 57
Table 5 - Tape cast electrode deposition thickness with resulting thickness of electrodes
after drying process. ...................................................................................................... 67
Table 6 - Capacity loss [%] for each SEI formation, along with the observed loss through
30 cycles. ...................................................................................................................... 73
Table 7 - Manufacturer provided carbon fiber properties............................................... 78
Table 8 - XPS deconvolution to C 1s peak analysis of different pretreatment altered
surface functional groups on carbon fiber. .................................................................... 85
Table 9 - Electrochemical performance analysis of pretreated carbon fibers in respect to
achieved capacity and resulting cyclic losses. .............................................................. 90
Table 10 - Functional area of structural battery architectures in regards to strength of
architecture before flexure before delamination. ......................................................... 107

x

List of Equations
Equation 1 - 𝑪𝑬 =

𝑸𝑫
𝑸𝑪

∗ 𝟏𝟎𝟎 ........................................................................................... 24
𝑰(𝒉𝒌𝒍)𝜶

Equation 2 - 𝑹𝑰𝑹𝜶,𝜷 = �𝑰

(𝒉𝒌𝒍)′ 𝜷

𝑹𝑰𝑹

𝑰𝒓𝒆𝒍

′

𝑿

� � 𝑰𝒓𝒆𝒍(𝒉𝒌𝒍) 𝜷� �𝑿𝜷� ............................................................... 35
(𝒉𝒌𝒍)𝜶

𝜶

Equation 3 - 𝑹𝑰𝑹𝜶,𝜷 = �𝑹𝑰𝑹𝜶,𝜸 � ....................................................................................... 36
𝜷,𝜸

𝟐

Equation 4 - 𝑹 = 𝟎. 𝟏𝟔𝟕𝒁𝑳 /𝒅 ..................................................................................... 104
Equation 5 - 𝑺 = 𝟑𝑷𝑳⁄𝟒𝒃𝒅𝟐 ........................................................................................ 104

xi

Chapter 1: Introduction
1.1 Background
In today's market, there is an increasing demand for more conformable lithium
ion batteries with a high energy density and improved packaging design (high specific
volume density) for applications in wearable electronics, transportation, and
unmanned/robotic vehicles.

However, in the pursuit of these battery structures,

research has primarily focused on the alteration of the battery pack as a complete
volumetric unit. The length, width, and thickness of the rectangular or cylindrical battery
pack are typically modified to fit into a specific system, or the system is modeled after a
particular battery. Another more volume efficient method of incorporating the batteries
into a structure is through the interconnection of discrete, isolated batteries within
structural layers of the material or component. Although this has proven to be effective,
even further advancements can be made by incorporating the structure into the battery
instead of the battery into the structure [1]. The aim of this alternative approach is to
make the battery itself capable of bearing significant mechanical loads by changing the
material composition of the battery electrodes and separator material.

1.2 Goals of Research
The goal of this work was to design a battery that serves as the structural
material as well as the power source for a vehicle. The combination of both mechanical
and electrochemical aspects within one material defines the component as a
multifunctional material, or in this case, a multifunctional battery. The initial work
focused on the fabrication of a novel multifunctional lithium ion battery structure, where
reinforcement composite fibers were substituted and utilized as active components
within the electrodes and separator, enduring cyclic voltage-capacity testing. The next
part of this work investigated an approach to modify the conventional lithium ion pouch
battery architecture by creating perforations (vias) through the cell architecture in order
to reduce delamination or wrinkling of the battery during bending loads. The future aim
is to fabricate the battery as part of the composite structure instead of a separate piece
to the structure.
1

1.3 Organization
This thesis is comprised of six chapters. The first chapter presents an
introduction of the topic, as well as the demand in the current and future market. The
second chapter presents a literature review to provide the concepts required for
understanding the intricate architecture of a lithium ion battery, why it is chosen, how
other organizations have approached the concept of a multifunctional battery thus far,
and the aspirations of this research.
The third chapter is composed of the processing techniques for fabricating a
classical lithium ion single cell battery. It goes through each process required for the
replication of this type of cell, from the synthesis of the powder to the construction of the
battery. The testing protocol and baseline performance data of these cells are included
in this section.
The fourth chapter focuses on the multifunctional material, carbon fiber, and how
it can be utilized as an anode in the lithium ion battery chemistry. Several pretreatments
with the objective of maximizing the cyclic ability of these fibers were performed and the
resulting performance data is included.
The fifth chapter illustrates how a classical lithium ion cell can be modified for
object specific applications. Various mock cells were constructed and tested through a
traditional four-point bending method for strength and flexure measurements. This data
is used to design and fabricate the intricate battery architectures with a specific shape to
fulfill the functional battery requirement to conform to the proposed vehicle structure.
Lastly, the sixth and final chapter provides a summary of the conclusions made in
each chapter of the collected data and continues with a further discussion of the results.
This chapter also elaborates on the future work required in this area to sufficiently
produce truly multifunctional batteries.
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Chapter 2: Literature Review
2.1 General Description of a Battery
The battery is an electrochemical device that converts chemical energy that is
stored in its active materials directly into electrical energy through oxidation/reduction
processes. A typical battery is made up of multiple single electrochemical cells, which
are connected together in either series (for higher voltage) or parallel (for a higher
capacity) [2]. These connected cells create a static potential for power and release of
the stored electrical charge when connected to a load, such as a circuit or motor [3].

2.2 Components of a Battery
A typical lithium ion battery consists of three main distinguishable components
which are the anode, cathode and, electrolyte/separator material. The anode serves as
the negative electrode and releases electrons to the external circuit during the
electrochemical oxidation reaction; similarly, the cathode serves as the positive
electrode which accepts electrons from the external circuit and is reduced during the
electrochemical reaction [3]. The electrolyte is a liquid mixture, such as water or solvent
mixed with salts, acids, or alkalis to aid in ionic conductivity, or a solid ionic conductor.
The separator material along with the electrolyte provides a medium for the transfer of
ions, while resisting electrons, inside of the cell between the anode and the cathode [2].

2.3 Categories of Batteries
Batteries are classified into three general categories, each type with advantages
and disadvantages. These categories are primary (non-rechargeable), secondary
(rechargeable) and reserve (non-active). Each one of these categories is further
explained to identify their specific electrochemical architecture [2].

2.3.1 Primary Battery
Primary batteries can produce current immediately after assembly; however, they
are not capable of easily or efficiently being recharged, since the chemical reactions are
not easily reversible and the active materials may not return to their original forms.

3

Primary batteries are also known as disposable batteries, since they are intended to be
used once and discarded.
They have a good shelf life, high energy density at low to moderate discharge
rates and are easy to use; additionally, primary batteries are convenient, inexpensive,
and lightweight. These batteries are commonly used in portable electronic devices that
are only used occasionally, or when away from an alternative power source, such as
alarm and communication circuits where other electric power is intermittently available
[2], [3].

2.3.2 Secondary Battery
A secondary battery must be charged before use; they are usually assembled
with active materials in the discharged state. Rechargeable batteries or secondary cells
are storage devices for electrical energy and are also known as storage batteries. The
substantial difference between these batteries and primary batteries is that they can be
recharged to their initial condition by applying electrical current in the opposite direction
of the discharge current with a cell charger, which reverses the chemical reactions that
occur during use.
Secondary batteries have desirable attributes such as a high power density, high
discharge rate, flat discharge curves, and effective low temperature performance. The
oldest form of a rechargeable battery is the lead acid battery which is utilized in
automotive vehicles. Other uses for these cells are in aircrafts, emergency power
sources, hybrid electric vehicles, stationary energy storage, portable consumer
electronics, and power tools [2], [3], [4].

2.3.3 Reserve Battery
A reserve battery, also called a stand-by battery, is a primary battery where a
component is isolated keeping it inert until it is activated for use. When long storage is
required, reserve batteries are used, since the active chemicals of the cell remain
segregated until needed, thus reducing a self-discharge effect.

4

These batteries can be activated by various methods, depending upon their
chemistry. Some methods for activating specific forms of these batteries are as follows:
by the addition of water, by adding an electrolyte, by introducing a gas into the cell that
is either the active cathode material or part of the electrolyte, or by heating a solid
electrolyte to a temperature at which it becomes conductive. Reserve batteries are
typically used in military applications, such as missiles, because of their potential long
shelf-life, higher energy density, and relatively short usage time after activation [2], [3].

2.4 Lithium Battery History
In past decades, the dominant battery systems have been the primary-type
battery based on manganese dioxide/zinc chemistry and the secondary-type battery
based lead acid chemistry; both at this time are at an advanced stage in their
development. However, in today’s market lithium ion batteries are challenging these
traditional systems as the dominate choice for high performance battery systems [2].
The development of this system has taken several decades thus far, and new
breakthroughs within the cells components are steadily improving the high energy
possibilities of this system. The basic reason that lithium ion batteries are challenging
these tradition systems is the superior energy density possible due to lithium’s low
atomic number and high electrode potential which can create a high energy density. A
comparison of battery specific energy and energy densities are shown in Figure 1 [2],
[3].

5

Figure 1 - Comparison of the volumetric and gravimetric energy density with different battery
systems [5].

Lithium metal anode batteries were first established in the early 1970’s; however,
these systems were not suitable for secondary batteries due to dendrites forming
through the cell causing shorting and safety issues [3]. It took several more years with
numerous efforts of different cell component configurations until the early 1990’s when a
commercially available lithium ion rechargeable battery was developed and put on the
market by Sony. This is marked as the birth of the current lithium ion battery [5]. These
early cells contained a lithium cobalt oxide as one electrode and a carbonaceous
material as the counter electrode. Although no lithium metal is in these cells, technically
a lithium polymer type battery, the name lithium ion is accepted by the battery
community for this type of cell [6].
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2.5 Lithium Battery Architecture
Battery architectures have come a long way since the first practical invention in
the 18th century when batteries were contained in glass jars [4]. The commercialization
of batteries has led to the design architecture of lithium ion batteries to be classified into
four different configurations. These architectures are the cylindrical cell, button cell,
prismatic cell, and the pouch cell [2].
The cylindrical cell (Figure 2) is the most common style for both primary and
secondary batteries; this is due to the ease of manufacturing and dependent
mechanical stability. The most common type of this cell is the 18650 lithium ion cell and
this cell is typically used as battery packs in hand tools and laptops. The electrodes in
this cell are prepared as thin strips, then rolled within the separator and placed in the
cylinder. These cells have a high surface area, but are not the most efficiently packed
design [2], [7], [8].

Figure 2 - Diagram of a classical spun cylindrical cell type battery construction [8].
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The prismatic cell and the pouch cell are both very similar in design and are
wrapped for packaging in the same way. The main differences are the packaging of the
cell and the materials of the electrodes.
The prismatic cell’s walls are welded aluminum housings encased in plastic,
which directly determines the mechanical strength of the cell. Although they are more
efficient than the cylindrical cells, the design is costly to manufacture (Figure 3).
Furthermore, these cells have no general format, which causes each manufacturer to
design their product to fit around a specific producer’s cell. These batteries are
predominately found in cell phones and small portable electronics [2], [9].

Figure 3 - Laminated lithium prismatic cell layers [2].

The pouch cells differ in which the electrodes must contain structural polymer
materials in order to compensate for the decrease in mechanical properties of the
package, but this design achieves the highest efficiency of use of all materials (Figure
4). The casing of these cells are simply placed within an aluminum polymer coated bag,
which leads to safety issues such as swelling from high usage and being able to be
punctured easily (Figure 5). These cells can be designed to fit specific applications, but
there are only a few companies willing to fabricate customized cells and small lots of
them can cost thousands of dollars [1], [2], [10].
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Figure 4 - Illustration of polymer enhanced electrodes in a pouch battery [11].

Figure 5 - Demonstration of the swelling effect in pouch batteries.

The coin cell is the smallest and most inexpensive type of battery to fabricate
(Figure 6). These cells are offered in several sizes and are extremely durable. Cells
contain only one layer making it a true single cell battery, although they are commonly
9

stacked in a series to accumulate a high voltage. Uses for these cells are limited to low
current demanding electronic devices such as clocks, watches, and hearing aids [2], [4],
[9].

Figure 6 - Cross sectional view of common layers in a coin cell [4].

In summary of the advantages and disadvantages of these cells, the cylindrical
cell is very dependable, but has a low package density. Prismatic cells have an
improved package design compared to the cylindrical, but are more expensive to
manufacture. Pouch cells take the most advantage of their packaging and are cheaper
to manufacture, but swelling can ruin the cell as well as cause safety issues. Coin cells
are the smallest and cheapest available cell to produce, however their applications are
limited and are not suitable for high powered applications.

2.6 Battery Manufacturing Process
The process for manufacturing lithium batteries is the same for most styles of
cells, regardless of materials; this similarity spans all the way until structural encasing of
the actual battery. The basic steps of manufacturing are as follows: 1) synthesizing the
active electrode into slurries and casting them onto thin metal foils, 2) winding the two
electrodes with a separator between them and cutting them to size, 3) inserting the
wound portion into a case, 4) adding the electrolyte to the cell, and 5) sealing the case
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(Figure 7). The only difference is that coin cells are unrolled and cut before insertion into
the cell. Further manufacturing steps are discussed in this section [3], [7].

Figure 7 - General overview of the several processes involved in manufacturing lithium batteries
[3].

2.6.1 Powder Synthesis
There are several techniques used for the synthesis of the active electrode
materials such as solid state reactions, hydrothermal synthesis, and the sol gel method.
Although these materials can be commercially purchased, companies generally
synthesize in-house powders through these techniques [6].
The standard procedure for producing active electrode materials has been
through a solid state reaction process. For LiCoO2, this reaction contains hydroxides
and carbonates such as LiOH•H20, Li2CO3 and CoCO3, which are milled for several
hours. Milling is followed by a calcination heat treatment process at 850-900°C for
prolonged periods to complete a phase transition in the materials. Once calcined, the
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particles are milled longer to achieve a smaller particle size. This technique results in
larger particle sizes, higher calcination temperatures, and an irregular morphology
compared to the other techniques (Figure 8) [12], [13].

Figure 8 - SEM micrograph of large grain powders made from a classical solid state synthesis
[13].

The hydrothermal process is a method for producing nano-sized powder from an
elevated temperature and pressure. Precursor powders are added together slowly into
an aqueous solution. The solution is then stirred at a higher temperature in a pressure
vessel, such as an autoclave, for the reaction process. This process produces ultrafine
pure particles at lower temperatures (Figure 9) [14].

Figure 9 - SEM micrograph of LiCoO2 powders obtained from a hydrothermal synthesis [14].
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The sol gel method is another method for producing ultrafine powder particles
from a wet chemical technique. This technique takes aqueous solutions and mixes them
together while controlling the pH of the solution until a gel precipitate is formed. The
precipitate then forms a precursor powder which is calcined during a thermal
decomposition process. This synthesis forms highly homogenous particles in a quick
process and at lower temperatures (Figure 10) [12], [13], [15].

Figure 10 - SEM micrograph of LiCoO2 powders derived from a sol gel method [12].

2.6.2 Ink synthesis
The cathode is generally composed of LiCoO2 powder, a conductive additive,
and a polymer binder to help hold everything in the electrode together. A conductive
additive is required due to the poor electronic conductivity 10-9 S/cm of LiCoO2 at room
temperature [16]. These materials must be homogeneously mixed together with a
solvent before proceeding to the deposition process. The solvent content should be as
low as possible leaving a high particle load in the inks to avoid any defects during the
drying process after deposition. However, the viscosity of the slurries must be low
enough in order to ensure a homogenous mass flowing during the deposition process
[17]. Processing of the electrodes is classified by the type of solvent used: water based
or aqueous solution, and organic based or non-aqueous slurry. Water based processing
is preferred in large-scale operations due to the environment and cost, but
agglomeration of particles are a severe problem and will lead to poorly performing
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electrodes. Furthermore, the challenge of removing all of the water content remaining in
the electrodes prior to construction of the batteries has proven problematic. Although
solutions to these problems are being researched, a clear cost effective solution has not
been evident enough for implementation away from organic solvent based systems [18].
Density of the electrodes is one of the biggest factors that manipulates the
electrodes properties and is made up of both sheet density and packing density. When
even a 1% increase of electro-active material is added, which increases the density of
the cell, a substantial improvement of cell capacity is evident [3].
In typical non-aqueous solutions with LiCoO2 powder, the conductive additive is a
type of carbon black and a polymer binder of polyvinylidene fluoride (PVDF). Usually
these materials are mixed together by sonication or solid state synthesis means in a
stable suspension of N-methyl-2-pyrrolidone (NMP) as the solvent. Almost every
research group uses a different electrode composition with LiCoO2 + carbon black +
PVDF, but all in the range of (80/10/10 wt%) to (95/2.5/2.5 wt%). The counter electrode
is made via the same process by substituting graphite for the cathode powder and
removing the conductive additive of carbon black, since it is not electrochemically
required. The amount of solvent used in these inks was dependent upon the materials
and the electrode deposition process [6], [11].

2.6.3 Electrode Deposition
There are several techniques used for depositing the electrodes onto conductive
substrates, which are spin coating, screenprinting, and tapecasting. The conductive
substrates are aluminum foil for the positive electrode and copper foil for the negative
electrode. These foils are selected due to their mechanical strength, thinness, cost,
stability in the electrolyte mixture, and adhesiveness of inks to the foils [6], [15], [19].
The deposition processes are different in their own respects and range from electrode
thicknesses of 10-300 μm [20], [21] . The particle size from nano- to micro-size utilized
throughout the electrodes directly correlate to the diffusion of lithium ions throughout the
electrode during cycling. The drying process of inks on the substrates are relatively the
same, in which once deposited they are dried under vacuum from 80-120°C for at least
8 hours. An evaluation of the comparative electrochemical performance from each
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deposition method, as a function of drying time involved, and ink formulation has not
been completed [6], [11], [22].

2.6.4 Cell Construction
To construct a battery the next step is to cut the electrodes and separator to fit
into the type of cell for assembly, stack or wind of the components, and fit them into the
cell. The procedures are required to be completed in an inert atmosphere such as a
glove box or a dry room due to the electrolyte’s extreme sensitivity to moisture. Once
under inert atmosphere, the electrolyte is injected into the cell where time is allowed for
the electrolyte to permeate completely throughout the electrode before sealing. After the
battery is sealed, it is ready to undergo electrochemical testing [7], [23].

2.7 Lithium Battery Chemistry
The chemistry and characteristics of a lithium ion battery correlate directly with
the cell’s components. Selection of these components are done together in order to
achieve an optimum balance between each part in order to obtain a desirable battery
which has a high energy density, high power density, long life cycle, as well as a high
degree of safety based on the desired application. A chart illustrating a variety of
materials that have been utilized in the fabrication of lithium ion cells are shown in
Figure 11 [2].
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Figure 11 - Variety of secondary type lithium ion battery components [2].

This section only discusses the chemistry involved with the traditional secondary
type lithium ion battery with components consisting of a lithium cobalt oxide (LiCoO2)
cathode, carbonaceous (graphite) anode, and a lithium salt carbonate electrolyte. In this
configuration, graphite serves as the negative electrode and has the purpose of giving
up electrons to the external circuit and is oxidized during the electrochemical reaction;
similarly, LiCoO2 serves as the positive electrode which accepts electrons from the
external circuit and is reduced during the electrochemical reaction. The electrolyte is a
liquid gel mixture that aids in conductivity and connects through a porous polymer
separator material. These materials provide a medium for the transfer of ions, while
resisting electrons, inside of the cell between the anode and the cathode [2]. A further
explanation of this process is that both the anode and cathode are materials that lithium
ions migrate in and out of their structure. During the charging process, lithium ions
undergo intercalation (insertion) within the graphite when the ions move into the anode.
During the discharge process de-intercalation (extraction) occurs in which lithium ions
moves back out of the graphite and returns to the cathode. A diagram of the chemistry

16

behind this phenomenon and illustration of how a battery charges and discharges is
shown in Figure 12 [24], [25].

Figure 12 - Charge and discharge chemistry of a typical lithium ion battery [24].

2.7.1 Cathode
The most commercialized cathode material used in rechargeable lithium ion
batteries is lithium cobalt oxide (LiCoO2) which holds over 90% of the market. The
cathode material determines the voltage, capacity, and specific energy of the cell, while
the cycle life and capacity fade is dependent upon the interaction between the other
material interfaces in the cell.

This material has a layered rhombohedral structure

(Figure 13) which contains alternating planes of lithium ions and cobalt (III) separated
by cubic close packed arrays of oxygen ion layers which enables two dimensional
diffusion of the lithium ion [26], [27]. Even though LiCoO2 has been used for decades,
advances in other areas such as pulse charging techniques and doping with other
highly ionic materials of aluminum and magnesium has given this already corner stone
cathode material vast improvements in cyclic ability and capacity [3].
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Figure 13 - Layered structure of LiCoO2 showing the lithium ions between the transitional metal
oxide sheets [25].

The theoretical capacity for LiCoO2 is 272 mAh/g, although the reversible
capacity is limited to about 140 mAh/g when cycled safely between 3.0 and 4.2 V [11],
[28]. LiCoO2 has a large highly reversible voltage range from 2.75-4.3 V, although
through every cycle a gradual irreversible loss in capacity and power occurs. The actual
capacity of the cell is primarily determined by the specific surface area of the electrodes.
A high surface area in a cell leads to an improved rate performance and higher
capacity. The density of the material inevitably decreases when the surface area
increases, so there are limits to the specific surface area. If only nanoparticles are used,
the performance may be initially improved, but the cycling and safety of the cell are
extremely decreased leading to high possibilities of overheating and combustion. The
desirable average particle size and distribution are different for each manufacturer
depending on the specific cells they are producing, but are generally between 1-8 μm
[3], [6], [15], [29], [30].

2.7.2 Anode
The anode in most secondary lithium ion batteries is graphite due to its high
theoretical capacity of 370 mAh/g creating the LiC6 compound, one lithium ion for every
six carbon atoms during lithium intercalation, even though other materials have higher
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theoretical capacities such as silicon at 4,199 mAh/g [31], [32]. Carbonaceous anodes
are the most utilized anode material due to their low cost, availability, and the fact that
other anode materials experience poor cycling capabilities with a high irreversible
capacity loss [33], [34]. The average particle size for graphite ranges from 2-40 μm,
depending on the rate intended for the battery to supply [35]. Smaller particle sizes may
also function as the anode; however, during the intercalation and deintercalation
processes the volume of the graphite particles change. During this constant change of
volume the outer surfaces of the particles begin to break down losing electrical contact
which accumulates and leads to an irreversible loss of capacity. Furthermore, this loss
involves electrolyte decomposition and formation of a solid electrolyte interface (SEI)
layer on the anodes surface, which is further discussed in battery cycling (Section 2.8)
[36].

2.7.3 Electrolyte
The purpose of the electrolyte is to act as an ionic conductor with the role of
transferring lithium ions to and from the anode and cathode as the battery is charged
and discharged. This is done by the electrolyte seeping throughout the electrodes and
transferring ions smoothly at the interface between the liquid electrolyte and solid
particles [3]. Conventional electrolytes consist of lithium salts in organic solvents, salts
being lithium perchlorate (LiClO4), lithium tetrafluoroborate (LiBF4), or lithium
hexafluorophosphate (LiPF6), with LiPF6 being the preferred salt due to its rapid
dissolution into the solvents and low cost. The organic solvents used are a mixture of
cyclic carbonates such as ethylene carbonate (EC), or propylene carbonate (PC) and
linear carbonates of dimethyl carbonate (DMC), ethyl methyl carbonate (EMC), or
diethyl carbonate (DC). Cyclic carbonates have a higher viscosity but are essential in
forming a stable SEI film on the anode, while linear carbonates are used to lower the
viscosity of cyclic carbonates and improve the lithium ion transportation throughout the
cell [3], [6], [37].
Propylene carbonate is an excellent cyclic carbonate due to its high dielectric
constant, wide temperature range, and compatibility with the other components.
However, PC either reacts with the graphite in the electrode and does not allow the
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battery to charge, or it creates a plateau at a lower voltage than fully charged, or it does
not form an SEI layer due to the PC intercalating with lithium ions into the graphite
during charging resulting in a continuous decomposition and severe exfoliation of the
graphite layers until the electrode is fractured [6], [38], [39]. Typical electrolyte systems
contain a mixture of 1M lithium salt and any type of mixture of the carbonate solutions
containing both cyclic and linear carbonates. There are safety issues with these
solvents due to their high flammability and harmful vapors, which leads to additives of
flame retardants to increase the safety of these cells [6].

2.7.4 Separator
A separator has the essential function of preventing physical contact of the
positive and negative electrodes, but it does not actively participate in the cell’s
reactions. There are several requirements for separators since their physical makeup
does affect the cell’s performance. The separator material must be chemically stable
within the harsh environment of a lithium ion cell by not degrading over time or use, and
at the same time have a high wettability by absorbing and retaining the electrolyte
permanently. Furthermore, a low thickness of about 25.4 µm is desired for high energy
density batteries, but a compromise must be made to maintain mechanical strength of
the separator for maintained safety. Another important aspect is the porosity and pore
size, a typical porosity for lithium ion batteries is 40% which allows for sufficient
electrolyte absorption while not compromising the cell’s performance. The pore size
must be smaller than the particle size of the electrode components making it electrically
resistive while still allowing the transfer of ions. The last purpose of a separator is
safety; it must be capable of shutting down the battery if something in the cell is
disrupted and a thermal runaway leading to combustion. This is why most separators
are made up of polyethylene, polypropylene, or a layered mixture of both, enabling a
shutdown by thermal runaway at about 130°C, resulting in a safer cell [6], [40], [41],
[42].
The micro porous polymer separator material for lithium ion batteries can be
manufactured via a dry or a wet process. Dry processed separators are manufactured
by first extruding a polymer resin into a uniaxially oriented layered film. The film is then
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annealed to improve the crystalline structure before formation of the micro-pores, which
are formed by uniaxial and biaxial stretching of the film resulting in a distinct slit pore
design and straight microstructure (Figure 14-A). The wet manufacturing process for
separator materials begins with melting and mixing a polymer resin with paraffin oil and
other additives to formulate a homogenous solution. The polymer resin is then
extracted, similarly to the dry process, forming a gel type film. Finally, a volatile solvent
such as methylene chloride is utilized to remove the paraffin oil and additives in order to
form a separator material that exhibits interconnected spherical type pores (Figure 14B) [29], [41], [42].

Figure 14 - Microstructure of a micro porous polymer film manufactured by (A) dry process and
(B) wet process [41].

2.8 Battery Testing
There are several ideas throughout literature of how to properly form and test
lithium ion batteries, and how the protocol maximizes the life cycle of a lithium ion
battery [43]; however, this section only provides general protocols that are utilized for
battery testing with a classical LiCoO2 and graphite cell architecture. The protocol rates
are based on the reversible capacitance (C) of LiCoO2 and the voltage range being
utilized, which can range from 4.3-2.75 V. However, this range is typically kept between
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4.2-3.0 V to minimize any capacity loss that can be unintentionally increased by pushing
the cathode to its electrochemical limit resulting in a structural degradation and
breakdown of active electrode materials [28].
The formation cycles of a newly manufactured lithium ion cell are essential to
properly form a highly functional solid electrolyte interface (SEI) layer, with a protocol
that typically ranges from a constant current (CC) charge rate of C/20-C/40 for 1-5
cycles [43], [44]. The SEI layer is best stated as being the most important but least
understood part of rechargeable lithium ion batteries, due to fact that the SEI layer is not
fixed in its chemistry and has properties that can change drastically with different
materials and over time [45]. It is generally believed that the SEI layer is mainly formed
during the first cycle of a lithium ion cell where the transfer of lithium ions from the
cathode into the anode causes a decomposition of the electrolyte to form the SEI layer
and gaseous by-products of CO, CO2, HF, and C2H5F on the anode [46], [47]. This
phenomenon causes an initial irreversible capacity loss of 5-30% depending on the
graphite [3], [48]. This reaction causes an electronically insulating layer on the graphite
surface but still allows the lithium ions to pass through. If the SEI layer is not sufficiently
thick enough, the irreversible capacity loss will increase due to the rapid exfoliation of
the graphite structure along with electrolyte decomposition (Figure 15), [44], [49].
Furthermore, the SEI layer is increased with a decrease in particle size, because a
smaller particle breaks down faster due to its smaller and weaker structure. This leads
to a growth of the SEI layer on more particles resulting in a cell with a higher irreversible
capacity loss. The stability of the SEI film determines the safety, power capability, selfdischarge rate, and cycle life of the battery [35], [38], [50].
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Figure 15 - Schematic of the formation of the SEI layer by electrolyte decomposition of carbonate
electrolytes [36].

Once the SEI layer has been formed, the battery can be subjected to cycling.
LiCoO2 has a general effective cycling range of 2C-C/10, from just 1 cycle to hundreds
of cycles, depending on the research and purpose of the cell [43], [51]. The discharge
cycle contains only a CC rate from 4.2-3.0 V. The charge cycle also contains a constant
voltage (CV) rate, due to the fact that when the lithium ion cell reaches 4.2 V at a faster
CC rate, it is not fully recharged. This CV rate is typically held at 4.2 V until the current
from the cell drops to C/20, or 2 hours have passed to ensure a full recharge of the
lithium ions into the cathode. The cutoff of the CV rate is to prevent overcharging and
decomposition of the SEI layer, which would subsequently further form the SEI layer
lead to a higher irreversible capacity loss [2], [44], [52].
To exhibit the general data collected from testing lithium ion batteries, sample
performance graphs of cycled lithium ion batteries are shown in Figures 16-17. These
graphs illustrate the data that should be expected of LiCoO2 and graphite electrode
cells, as well as the performance of current experimental structural batteries [11], [53].
The normalized capacity fade evident from each cycle is comparable to all similar
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batteries, because it is based on the specific amount of LiCoO2 in the cell. The
coulombic efficiency (CE) is the magnitude of the capacity fade and is determined by
Eq. 1 - 𝑪𝑬

=

𝑸𝑫
𝑸𝑪

∗ 𝟏𝟎𝟎

(Q=charge, D=total out, C=total in) of each cycle [54].

Figure 16 - Specific capacity and coulombic efficiency trend vs. number of cycles of a
LiCoO2/graphite cell cycled at a 1C rate [53].
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Figure 17 - Conventional lithium ion cathode discharge performance compared to a structural
electrode modified with carbon nanofiber [11].

2.9 Multifunctional Materials
The largest survey of material properties found through electrochemical testing of
fibrous fabrics has been conducted by the US Army Research Laboratory. Their
research was comprised of electrochemical testing on readily available commercial
carbon materials in novel lithium ion battery structures. Their results showed that PAN
based carbon fiber materials resulted with the best overall electrochemical capacitance
as well sustaining the widest breadth of applicability for use in structural or textile
applications [55]. Other groups have taken this idea further by trying to improve the
electrochemical properties of carbon fibers by pretreatments such as heat or chemical
modifications. However, most of the tested carbon fiber materials were individually
processed, are not commercially available, and each specifically processed material
was subjected to a single type of pretreatment [56], [57]. Another way observed
throughout literature was to modify the carbon fiber material by pretreating the fibers,
then incorporating them within a traditional anode, rather than a continuous weave, to
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increase the electrochemical performance of a traditional lithium-ion cell [58], [59]. The
impetus for this research was based on the fact that the electrochemical potential as a
standalone anode of many of these different pretreatments on commercially available
materials are largely unknown. In this research, these ideas are being manipulated and
integrated for the purpose of making a truly composite multifunctional battery.

2.10 Structural Battery
Several institutions and companies, such as the US Department of Defense and
different aeronautical groups, are currently working in the area of multifunctional
structural batteries. Their overall approach uses off the shelf batteries in a structure,
instead of truly integrating the battery and structure together. One of their approaches
focuses on removing internal polymer components of the functional structure and
replacing them with commercial lithium ion cells sandwiched into structural panels. This
eliminates the need for a secondary battery subsystem, which in turn reduces the
volume and weight of the structure or craft. Testing showed that the alteration of the
internal structural components did not compromise the structure’s required mechanical
properties [10], [60]. Another proven example of combining the structure and battery is
in unmanned air vehicles (UAV), as demonstrated in the Wasp micro-air vehicle wing
skin. The Wasp design approach added a structure function to already existent
systems, by stacking battery cells with a carbon fiber cloth layer between the separate
cells, in combination with incorporating a carbon epoxy layer around them (Figure 18).
This accomplished a lighter overall structure with enhanced mechanical strength,
leading to an overall success that was evident with longer flight times [1], [10], [60]. The
approach of this research is to truly integrate the structure and battery into one
combined and truly multifunctional component.
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Figure 18 - DARPA Wasp micro-air vehicle with lithium ion pouch cells integrated into the
composite wing skin structure [60].

2.11 Paths of Achievements
The main objective of this technology is to create a power supply vessel that can
maintain its structural integrity while enduring elevated mechanical loads directly to the
battery, in addition to optimal electrochemical stability under normal electrical loads and
thermal conditions. The combination of both structural and electrochemical functions in
a single material permits alternative power system design and applications not possible
through each individual component. The design of composite multifunctional structural
batteries for optimal performance involves the proper selection of the materials,
architecture, and electrical interconnection between them [11]. The approach for
achieving the fabrication of a structural multifunctional battery has been broken into
distinct parallel paths based on the architecture of the components being implemented
within the design.
The first battery architecture (Figure 19) consists of a structure of carbon fibers
and fiberglass, typically incorporated within fiber-reinforced composites that act as
active components within the battery structure. The structure exemplifies the true intent
of a multifunctional battery. This path focuses on electrochemical testing of composite
materials, such as carbon fibers and fiberglass in a button cell platform, as well as
maximizes the potential for utilization in a structural multifunctional battery.
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The second battery architecture (Figure 20) consists of modifying a typical
multifunctional lithium ion pouch battery by creating perforations through the cell for
shear reinforcement to reduce delamination.

This architecture allows for a highly

formable battery, which when layered within a composite matrix will enhance the
flexural strength.

This path focuses on four-point beam testing to characterize the

relationship between the proposed architectural modifications and the battery’s
structural integrity.

Figure 19 - A schematic of the first battery architecture showing a cell embedded within a laminate
composite of continuous fiberglass and carbon fiber weaves running through the structure.

Figure 20 - A schematic cross section of the second battery architecture, which consists of
reinforcement vias passing through the active components within a pouch battery; therefore,
allowing for further shear reinforcement through the interior of the battery compartment.
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Chapter 3: Fabrication of the Novel Lithium Ion Cells
3.1 Introduction
The overall process of fabricating a single cell battery involves several delicate
steps that are combined in order to achieve a functioning cell. The purpose of this
chapter is to review and explain all of the procedures and techniques involved in this
process.

3.2 Powder Processing
There are several different processing methods for the synthesis of in-house
active materials for lithium ion batteries, mainly being solid state reactions, hydrothermal
synthesis, and sol-gel preparation [6]. The active materials for a classical lithium ion cell
may be purchased; however, there are no detailed processing techniques for the
companies’ respective powders available. The process used in this research is a typical
solid state reaction, which is achieved through vigorous mechanical stirring over time
[12], [61].
The precursor powders used in the powder synthesis of producing in-house
lithium cobalt oxide (LiCoO2) were lithium carbonate (Li2CO3) (Fisher Scientific) and
Cobalt (II) Carbonate (CoCO3) (Alfa Aesa). Calculations for this in-house synthesis were
completed based on the precursor powders specific moles, molecular weight (MW), and
loss on ignition (LOI) to produce the final desired powder. An illustration of these
calculations is shown in Table 1.
Table 1 - Batch calculations for in-house synthesized LiCoO2 cathode powder.
moles x
MW

Weight
Fraction

Mass [g]

73.89

36.95

0.237

47.40

0.911

52.03

118.94

118.94

0.763

152.60

0.9319

163.75

155.88

1.000

200.00

LiCoO2

moles

MW

Batch Mass
[g]

Li2CO3

0.500

200

CoCO3

1.000

Total:

LOI

Final Mass
[g]

215.78

Processing of these powders was completed using a solid state synthesis
method by attrition milling the powders with an ethanol solvent. The slurry was
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vigorously stirred for four hours to sufficiently achieve particle reaction. After milling, the
powder was rinsed with ethanol and dried at 80°C. Once dry, the powder was
processed with a standard 60 mesh sieve for further characterization studies.

3.3 Calcination Studies
Calcination of the lithium cobalt oxide powder was the next step required to
complete the solid state reaction process. Since the powder was produced completely
in-house with a slightly different solid state process than found throughout literature,
calcination studies were performed in a range of temperatures between 600°C and
800°C for 4 hours at each respective temperature in a compact muffle furnace (MTI
Corp.). A structural characterization at each of the respective temperatures was
performed in an X-Ray diffractometer (Bruker D8 Discover). Each respective scan was
analyzed with X’Pert Highscore Plus software and compared to JCPDS reference #00050-0653 for LiCoO2. This analysis determined that an 800°C calcination temperature
was required to complete the solid state reaction process and synthesize the desired
LiCoO2 rhombohedral structured powder (Figure 21) [12], [62].

30

Figure 21 - Overlay of X-Ray diffraction scans of LiCoO2 cathode powder calcinated at different
temperatures.

3.4 Particle Size Analysis
Throughout literature the particle size for the active cathode powder LiCoO2
ranges from 10 nm to 8 μm and is varied due to the formation process of the powder, as
well as the end application in regards to cyclic ability and maximum capacity for a
battery. A nanometer sized cathode powder has proved to achieve a higher capacity
battery that can be cycled at an elevated rate due to the higher surface area of the
particles; however, a much faster fade in the overall capacitance is evident.
Furthermore, agglomeration problems occur when synthesizing the electrode inks,
which already include nano-sized carbon powders. This makes it difficult to create
homogenously dispersed slurries for electrode fabrication [12], [61], [63]. Commercially
available LiCoO2 particles are typically produced via solid state means and are available
in range of 1-8 μm with an optimal capacitance retention for this research [6], [13], [15].
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In order to produce an optimum smaller particle size with the synthesized LiCoO2
powder, a second attrition milling process was completed with the calcinated powder.
The particle size of the powder was determined in-situ during the milling process with a
laser diffraction particle size analyzer (Mastersizer 3000). This machine uses laser
diffraction to determine the size of the particles by measuring the intensity of light
scattered as a laser beam passes through a dispersed particulate sample, it then takes
the refractive index of the powder being observed and calculates the size of the
particles as well as the particle size distribution [64], [65]. The milling of the powder
continued while measuring the particle size distribution at two hour increments (Figure
22).

Figure 22 - Average particle size as a function of milling time from 0.5 - 9 hours.

Particle volume percent distribution is the amount of particles in the slurry with a
diameter below that respective particle size. The volume distribution of the particle sizes
were decreased by the additional attrition milling. This process was conducted for 9
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hours until a smaller average particle size of 1.4 μm and a closer particle size
distribution was achieved.

3.5 Active Electrode Particles
All of the materials utilized in this research, purchased or fabricated, were subject
to microstructural characterizations. The two main characterization techniques used for
evaluating the materials were scanning electron microscopy (SEM) (JEOL JSM-7600F)
to view the architecture of the material, and X-Ray diffraction (Bruker D8 Discovery) to
determine the crystalline structure. These techniques were used immensely when
comparing purchased battery materials, to novel lithium ion battery components, to inhouse synthesized materials. Focus on characterizing the anode and cathode powders
were completed respectively before continuing to the rest of the battery components.

3.5.1 Graphite
The graphite powders that were analyzed for use in battery testing consisted of a
synthetic type and natural type. The synthetically produced graphite (Sigma Aldrich
282863) contained an average particle size less than 20 μm, while the natural graphite
powder (Alfa Aesar, t2N5) contained an average particle size less than 40 μm.
Throughout literature, both natural and synthetic graphite powders have been proven to
be highly functional active anode materials in lithium ion batteries [6], [66], [67], [68]. An
analysis to the characterization of these powders (Figure 23 SEM and Figure 24 XRD)
is included in this section.
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Figure 23 - Scanning electron micrographs of (A) natural graphite powder and (B) synthetic
graphite powder.

It is clearly evident from these micrographs that the natural graphite has a much
larger particle size, about 15 μm, than the synthetic graphite powder; however, the flake
type morphology of the particles is similar for both powders.

Figure 24 - X-Ray diffraction pattern overlay of natural graphite and synthetic graphite powders.
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The X-Ray diffraction pattern of the two graphite powders demonstrated a distinct
difference in their crystal structure. Each graphite contained a high graphitization based
on the sharp multi-phase (002)H (H-hexagonal) and (003)R (R-rhombohedral)
crystalline structure peak, both are typical morphologies of graphite. The standard
structural phase of graphite is hexagonal with a stacking sequence of ABAB. The less
common rhombohedral phase is found in both natural and synthetic graphite with a
stacking sequence of ABCAB [27], [69]. The volume fraction of the rhombohedral phase
can be increased though various mechanical treatments by forming defects in the
crystal structure, such as grain boundaries and dislocations. Lithium ions cannot be
directly inserted into the hexagonal phase basal plane; therefore, the existence of a
rhombohedral phase in graphite promotes more areas for the ions to intercalate into the
graphite lattice in the lithium ion battery chemistry [69], [70], [71].
The X-Ray diffraction patterns of the graphite powders were analyzed with X’Pert
Highscore Plus software and compared to JCPDS reference #01-075-2078, as well as
JCPDS reference #03-065-6212. The 2θ angles between 40° and 50° contain
reflections seen in both graphite powders of (100)H at 42.4°, (101)R at 43.4°, (101)H at
44.4°, and (012)R at 46°. These peaks were used to determine the volume fraction of
each phase present in both graphite powders by quantitative analysis [69], [71].
The quantitative analysis performed utilized reference intensity ratios (RIR) at
each specific reflection. These compared the reference pattern intensity to the graphite
powder scan intensity. The general form for analysis by the RIR method is:
Eq. 2 -

𝑰(𝒉𝒌𝒍)𝜶

𝑹𝑰𝑹𝜶,𝜷 = �𝑰

(𝒉𝒌𝒍)′ 𝜷

𝑰𝒓𝒆𝒍 (𝒉𝒌𝒍)′ 𝜷

� � 𝑰𝒓𝒆𝒍

(𝒉𝒌𝒍)𝜶

𝑿

� �𝑿𝜷 �
𝜶

Where 𝐼 is the intensity of the reflection and 𝐼 𝑟𝑒𝑙 is the corresponding reference
intensity, while α and β refer to the different observed phases. The RIR value is
determined by:
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Eq. 3 - 𝑹𝑰𝑹𝜶,𝜷

𝑹𝑰𝑹

= �𝑹𝑰𝑹𝜶,𝜸 �
𝜷,𝜸

Where 𝑅𝐼𝑅𝛼,𝛾 and 𝑅𝐼𝑅𝛽,𝛾 are determined by the corresponding reference pattern
analysis [72].

This quantitative analysis determined that the synthetic graphite contained a
91.8% hexagonal phase with an 8.2% rhombohedral phase. Conversely, the natural
graphite contained a 70.1% hexagonal phase with a 29.9% rhombohedral phase. In
literature it has been suggested that the rhombohedral content, in itself, has no direct
influence on the capacity or electrochemical potential, but is strongly dependent on the
electrolyte system [70]. Unfortunately, the performance of these two powders in a
lithium ion battery chemistry utilized in this research have not been documented in
literature, both powders were required to be electrochemically tested (Section 3.11.4)
to determine the most relevant one to use as an anode for battery fabrication.

3.5.2 LiCoO2
The two cathode materials evaluated in this section are a purchased powder
(Sigma Aldrich, 442704) and the in-house synthesized powder. Each of the cathode
materials were also subjected to SEM and X-Ray diffraction characterizations.
Correlation between each of their respective evaluations is included in this section
(Figure 25 SEM and Figure 26 XRD).

Figure 25 - Scanning electron micrographs of (A) in-house synthesized LiCoO2 and (B) off the
shelf LiCoO2 powder.
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There is a visible difference in the morphology of the particles between the inhouse synthesized powder compared to the off-the-shelf powder. This is due to an extra
processing step performed to the in-house powder, which consisted of the continuation
of the attrition milling step once the powder was calcinated. The purpose of this step
was to create a smaller particle size in order to create a higher surface area in the
electrode to achieve a higher overall cell capacitance [61].

Figure 26 - X-Ray diffraction pattern overlay of the in-house synthesized powder compared to an
off the shelf powder.

Extrapolated from this plot is that the lithium cobalt oxide purchased from a
supplier is not at the desired LiCoO2 crystal phase for optimum battery performance
when compared to JCPDS reference #00-050-0653. Unfortunately, the initial cell testing
performed was on the basis of this powder, which resulted in subpar electrochemical
performance data. Fortunately, a pure phase LiCoO2 powder was later obtained from
the supplier to use as a reference in comparison to the in-house synthesized cathode.
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3.6 Formulation of Inks
In order to utilize the active components of lithium ion batteries, the powders
must be incorporated into an ink or liquid slurry state to be deposited onto the
interconnect metals. This step combines the active electrode particles with conductive
additives and binder in a solvent slurry state that is later deposited onto current
collectors as electrodes. There are two main categories for the types of inks used for
the fabrication of electrodes in lithium ion batteries, which are water (aqueous) and
organic (nonaqueous) based inks. Since all remnants of water must be removed in
order for a lithium ion battery to properly function, as well as the powder agglomeration
problems due to water based processing, this research focused on the use of a
nonaqueous system based on an N-Methyl-2-pyrrolidone (NMP) solvent. There are
several formulation variations for a typical nonaqueous ink system, but all of them
include an active material, conductive additive, solvent, and binder. The variations of
these formulas are due to the particular properties of each individual component’s
particle size, surface area, and conductivity. Furthermore, the solids loading from all of
these particles combined with the method used for synthesizing the ink affects the
viscosity and rheology of resulting depositions onto current collectors [6], [73]. Since
there is no exact documented formulation of all the particles used in this research, there
were several attempts conducted to form an effective ink. The ultimate goal was to
synthesize a uniformly dispersed ink that was fluent and able to be successfully
deposited onto a current collector.

3.6.1 Sonication
The initial inks contained the off-the-shelf active materials, which include the
following: lithium cobalt oxide (Sigma Aldrich, 442704) and synthetic graphite powder
(Sigma Aldrich, 282863) (which was previously analyzed and discussed in Section 3.5),
conductive additive of acetylene carbon black (Strem Chemicals, 06-0025) with a
particle size of 42 nm, a binder of polyvinylidene fluoride (PVDF) (Alfa Aesar, 44080)
comprised of a 500,000 molecular weight, and a solvent of NMP.
Sonochemical synthesis was conducted with an ultrasonic probe (Sonics
VCX130PB) at a low intensity of 20%. Higher intensities of ultrasound irradiation to the
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ink slurry would result in cavitation (implosive collapse of bubbles), which leads to
localized heating, undesirable reactions, and an even higher agglomeration of the nanoparticles [74]. The ink formulation used for this initial process was derived from literature
[3], in which the cathode consisted of LiCoO2 + acetylene carbon black + PVDF at
(88/4/8 wt%), while the anode consisted of synthetic graphite + PVDF at (92/8 wt%).
The sonochemical synthesis process proved successful and resulted in
functioning electrodes; however, the resulting slurries had to be small and the particles
were poorly dispersed. Furthermore, the only deposition process applicable with the
resulting ink that functioned was brush painting. This process did prove that a functional
battery could be fabricated and tested in-house, but consistency from one ink to another
was problematic, so a more reliable method was implemented.

3.6.2 Solid State Synthesis
Synthesis of consistent ink batches is essential for producing batteries for
empirical comparison from one batch to the next. A solid state method of ball milling
was selected for ink synthesis due to its effectiveness and subsequent homogeneous
mixture of particles. Once again, the exact chemicals being used in this research are
slightly different than the ones found in ink formulations throughout literature. A tactical
trial and error process was performed to determine the best ratio for all of the materials
in the inks [6].
These inks contained the fabricated lithium cobalt oxide or graphite powder (Alfa
Aesar, t2N5) previously analyzed (Section 3.5), two conductive additives: carbon
nanofiber (Pyrograf Products, PR-19-XT-LHT) with a particle length of 150 nm, and
carbon black (courtesy of Timcal, Super C45) with a particle size of 45 nm, a PVDF
binder (Alfa Aesar, 44080) which has a molecular weight of 500,000, and a solvent of
NMP (J.T. Baker, 9261-09). This carbon black replaced the previously used acetylene
carbon black, as a conductive additive, due to its proven abilities throughout literature
(Figure 27-A) [6], [75]. Carbon nanofiber was utilized to elevate electrical conductivity
along with the carbon black (Figure 27-B). These nanofibers, in addition to the PVDF
binder, incorporated a nanoparticle structural reinforcement component to the
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electrodes that helped bind the particles together, as well as increase the packing factor
to form a dense multifunctional electrode system [11].

Figure 27 - Scanning electron micrographs of conductive additives (A) carbon black (Timcal,
Super C45) and (B) carbon nanofiber (Pyrograf Products, PR-19-XT-LHT).

To better visualize the amount of each powder in the ink slurries, each
component was calculated by its volume percent in the slurry instead of its weight
percent. Since the deposition method selected was tape casting, which under optimal
circumstances requires a high 30-40 vol% solids loading, the initial ink batches
contained a solids loading of 30 vol% solid material to liquid solvent [17], [76]. However,
due to the nature of the nanosized particles utilized, the resulting depositions of the
electrodes suffered from severe agglomeration of the particles and poorly dispersed
electrode sheets [77]. In order to produce a fluent homogenous ink, the required solids
loading of the synthesized slurries was between 10-20 vol% [3], [17], [78].
The ball milling solid state synthesis was conducted over a 12 hour span at 200
RPM, where all of the materials were homogenously mixed together with the solvent for
11 hours with the binder material added during the last hour. This step was required for
the binder to perform its true purpose of connecting all of the particles together. When
the binder was milled for the entire synthesis, the longer polymer chained molecules of
the binder broke down. This reduced its effectiveness, which lead to ink depositions that
were poorly adhered to the current collector foils and resulted in unusable electrodes.

40

The resulting ink batch calculations used for the fabrication of lithium ion test cells are
shown below (Table 2).
Table 2 - Batch calculations for solid state synthesized electrode inks.

Cathode

Ratio
[g]

Weight
[%]

Density
3
[g/cm ]

Volume
3
[cm ]

Volume
[%]

Batch Mass [g]

LiCoO2

0.861

86.091

2.8

30.75

80

8.61

Carbon Black

0.031

3.075

1.6

1.92

5

0.31

Carbon Nanofiber

0.040

4.035

2.1

1.92

5

0.40

PVDF

0.068

6.799

1.77

3.84

10

0.68

1.25

125

1.028

121.60

316.40

12.50

2.2

220

1.028

214.01

556.86

22.00

1

100

38.43

100.00

10.00

SolventCalculated: NMP
SolventReal: NMP
Total
Solids Loading

Anode

17.96
Ratio
[g]

Weight
[%]

Density
3
[g/cm ]

Volume
3
[cm ]

Volume
[%]

Batch Mass [g]

Graphite

0.850

85.025

2.25

37.79

82

8.50

Carbon Black

0.029

2.946

1.6

1.84

4

0.29

Carbon Nanofiber

0.039

3.869

2.1

1.84

4

0.39

PVDF

0.082

8.16

1.77

4.61

10

0.82

1.5

150

1.028

145.91

316.64

15.00

3.846

384.6

1.028

374.12

811.85

38.46

1

100

46.08

100.00

10.00

SolventCalculated: NMP
SolventReal: NMP
Totals
Solids Loading

9.60

The resulting ink formulation determined by the trial and error process was a
cathode that contained LiCoO2 (in-house-fabricated) + carbon black (Timcal, Super
C45) + carbon nanofiber (Pylograph, PR-19-XT-LHT) + PVDF (Alfa Aesar, 44080) at
(80/5/5/10 vol%), and an anode that consisted of natural graphite (Alfa Aesar, t2N5) +
carbon black (Timcal, Super C45) + carbon nanofiber (Pylograph, PR-19-XT-LHT) +
PVDF (Alfa Aesar, 44080) at (82/4/4/10 vol%). The battery performance tests that
determined the cathode and anode ink ratio of materials are discussed in (Section
3.11.4), whereas this formulation was utilized to fabricate electrodes for the rest of the
battery tests.
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3.6.3 Rheology
The rheology between batches of the cathode and anode inks were an important
procedure performed to ensure consistency between the solid-liquid dispersion from
one ink batch to the next. This was executed to eliminate any unknown mishaps
throughout the processing conditions of the ink, which would result in an electrode cast
that would not be comparable to the others in battery testing [15], [73]. Additionally, the
viscosity of the inks must be low in order to ensure a homogeneous flow during the
casting process [17].
The rheological properties of the inks were tested in a controlled rate viscometer
(Brookfield DV-II+ PRO). An increasing sheer rate was executed while measuring the
sheer stress and viscosity in centipoise. The average viscosity of the cathode was
around 1200 cps while the anode was about 1600 cps at a sheer rate of 20 s-1, which
was the lowest speed possible that provided consistent results. All of the inks fabricated
for battery performance tests were within ±100 cps of the average viscosity.

3.7 Electrode Deposition
There are several proven techniques for fabricating the electrodes for lithium ion
batteries. Throughout this research, painting, screen printing, spin coating, and tape
casting were methods experimented with to deposit the electrodes [6].
The first method for fabricating the electrodes was painting the ink onto a precut
foil with a small paint brush. All of the electrodes were then dried in an oven at 80°C and
weighed after drying to determine if another coat was needed to have all of the
electrodes as close to the same mass as possible. This electrode method was tested in
a three electrode split battery cell for proof that a functioning cathode and anode were
both produced; furthermore, the carbon fiber and fiberglass were also tested with this
process for proof of concept of this research project.

The results are shown and

discussed in Section 3.11.1. This method proved that a functional cell could be
produced, but there were many disadvantages with this process, such as a ridged
surface on the electrodes due to the brush strokes, difficulty reproducing similar
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weighted electrodes, and the extended time for processing (due to the fact that each
electrode had to be done one at a time).
The processes of screen printing and spin coating were also investigated due to
the fact that a much more consistent electrode could be replicated with these methods;
however, each of them had their own obstacles as well. The biggest downside for both
of these processes is that each of the electrodes would still have to be manufactured
individually. Additionally, for screen printing, the graphite particle size used was too big
for the in-house mesh size of the screens being used and would not pass fluently
through to the electrode. Also, for spin coating, the viscosity of the fluid ink was much
too high making it difficult to produce an even coated electrode surface. Both of these
methods were experimented, but were not used due to their large shortcomings.
The most effective method investigated to manufacture the electrodes used in
this research was by tape casting with a 3 inch doctor blade. The best attributes and
reason of utilization of this technique was the ability to fabricate several uniform
electrodes at once, along with replicating the results to produce the amount of
electrodes needed for all of the battery tests. The only noticeable disadvantage from
this technique was a larger amount of material was wasted compared to the other
methods.
Since the in-house fabricated inks used for this research are different than that
found throughout literature, a trial and error process was executed to determine the cast
thickness and drying protocol of the inks. The initial casts were used to determine the
electrolyte formulation (Sections 3.8 and 3.11.2), and were cast at 0.3 mm, then dried to
0.01 mm. These casts were used to produce successful cells, but yielded a much lower
capacity when compared to the capacity of lithium cobalt and graphite systems found in
literature [28], [34]. To determine the optimum tape cast conditions, several casts were
conducted varying the casting thickness, conductive additives, and graphite used in the
anode to derive the protocol for casting and drying. The cell performance data and
microstructure characterization of this optimization of casts are shown and discussed in
cast thickness/anode material performance testing (Section 3.11.4). These results
determined that a tape casting thickness of 1 mm for both electrodes, as well as utilizing
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natural graphite (Alfa Aesar, 44080) with carbon additives for the anode yielded the
highest capacitance.
The current collectors used were 50.8 μm thick; aluminum was used for the
cathode and copper for the anode. To ensure a clean surface was being used, the foils
first went through a washing step within an ultrasonic bath of 1M nitric acid for 5 minutes
to clear off any foreign particles through a light chemical etching of the surface. This
was followed by an ultrasonic acetone bath for 5 minutes to finish cleaning the surface.
Next the foils were dipped in the solvent NMP before casting to prevent any corrosion
from the air to the clean bare metal surface. Finally, the foils were tightly taped onto a
flat piece of tempered glass to create a flat surface for casting and to keep the foils from
curling during the drying process (Figure 28).

Figure 28 - Tape casted cathode electrodes for lithium ion batteries. (A) Unsuccessfully fabricated
electrode and (B) successfully manufactured electrode.

The drying process for these tape casts had to be extended from what was found
in literature due to the thickness of the cast being deposited, along with the low solids
loading derived from the ink being used [21], [76]. If the cast was dried too quickly an
agglomeration effect was observed by visual cracking throughout the cast along with
poor adhesion to the current collectors (Figure 28-A). Slower drying of the tape casts at
a lower temperature under vacuum allowed the particles in the inks to better condense
as the solvent was being removed, thus creating a better bond to the foil surface, as
well as throughout the entire cast creating a stable composite electrode (Figure 28-B).
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The resulting protocol determined though testing consisted of slow tape casting
(by hand) to a thickness of 1 mm. The tapes were then dried under 15 inHg vacuum at
room temperature 22°C for 12 hours to slowly remove the solvent. Heat was then
applied at 100°C for 12 more hours under vacuum to finish removing the solvent and
any moisture in the casts. The resulting casts produced a 0.24 mm thick anode and a
0.16 mm thick cathode. This protocol was utilized for the rest of the battery performance
tests.

3.8 Electrolyte Formulation
Once a functional cell was manufactured, multiple electrolytes were investigated.
There are several proven combinations of electrolyte systems found throughout
literature, and in this research four of them were investigated [6], [11]. All of the
experiment

electrolyte

formulations

contained

a

1M

lithium

salt

of

lithium

hexafluorophosphate (LiPF6) (Strem Chemicals, 03-0325) in different electrolyte
carbonate solutions of ethylene carbonate (EC) (Alfa Aesar, A15735), diethyl carbonate
(DEC) (Alfa Aesar, A12477), dimethyl carbonate (DMC) (Alfa Aesar, A13104), and
propylene carbonate (PC) (Alfa Aesar, A15552).
The first electrolyte system investigated for the initial testing was 1M LiPF6 in
EC+DEC+DMC+PC (4:3:2:1 vol%) solution [11]. EC is a transparent crystalline solid at
room temperature, so it had to be slightly heated to its liquid state for adding into the
solution; however, once it was mixed with the other carbonate solutions it remained in
liquid form. Furthermore, the lithium salt is extremely reactive with moisture so it was
not added to the carbonate solution until it was transferred into the glovebox, where it
was mixed into the solution with a stir rod and stir plate for approximately an hour. This
initial system only functioned at low rates and was extremely unstable in a classical cell
format. This was due to the reaction between propylene carbonate and crystalline
graphite during the charging process, thus causing exfoliation of the graphite anode and
resulted in a plateau around 3.2 V during the initial charge. This phenomenon destroyed
the anode’s infrastructure that attributed to electrical isolation of the cracked graphite
particles and deactivation of the anode [37], [39].
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Once it was determined that PC caused the problem within the cells, three other
electrolyte systems found commonly throughout literature were synthesized, and these
were as follows: 1M LiPF6 in EC+DEC (3:7 vol%), 1M LiPF6 in EC+DEC (1:1 vol%), and
1M LiPF6 in EC+DEC+DMC (1:1:1 vol%). These systems were simultaneously tested
and compared with one another at a 1C rate. The results of this testing are shown and
discussed in electrolyte performance testing (Section 3.11.2). Formulation for the
different electrolyte batches are shown in Table 3 [6], [56].
Table 3 - Synthesized electrolyte batch calculations.

1M LiPF6 in EC+DEC+DMC+PC (4:3:2:1 vol%)
Formula

Molecular
Weight
[g/mol]

Density
[g/mL]

Ethylene Carbonate

C3H4O3

88.06

Diethyl Carbonate

C5H10O3

Dimethyl Carbonate
Propylene Carbonate
Lithium
Hexafluorophosphate

Chemicals

Total Batch Mixture [mL]

Volume
Ratio

Volume
[mL]

Amount of
Chemical
[g]

1.32

4.00

4.00

5.28

118.13

0.98

3.00

3.00

2.93

C3H6O3

90.08

1.07

2.00

2.00

2.14

C4H6O3

102.09

1.20

1.00

1.00

1.20

LiPF6

151.91

1.55

1.52

10

1M LiPF6 in EC+DEC (3:7 vol%)
Formula

Molecular
Weight
[g/mol]

Density
[g/mL]

Ethylene Carbonate

C3H4O3

88.06

Diethyl Carbonate
Lithium
Hexafluorophosphate

C5H10O3
LiPF6

Chemicals

Total Batch Mixture [mL]

Volume
Ratio

Volume
[mL]

Amount of
Chemical
[g]

1.32

3.00

3.00

3.96

118.13

0.98

7.00

7.00

6.83

151.91

1.55

10
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1.52

1M LiPF6 in EC+DEC+DMC (1:1:1 vol%)
Formula

Molecular
Weight
[g/mol]

Density
[g/mL]

Ethylene Carbonate

C3H4O3

88.06

Diethyl Carbonate

C5H10O3

Dimethyl Carbonate
Lithium
Hexafluorophosphate

Chemicals

Volume
Ratio

Volume
[mL]

Amount of
Chemical
[g]

1.32

1.00

3.33

4.40

118.13

0.98

1.00

3.33

3.25

C3H6O3

90.08

1.07

1.00

3.33

3.57

LiPF6

151.91

1.55

1.52

10

Total Batch Mixture [mL]

1M LiPF6 in EC+DEC (1:1 vol%)
Formula

Molecular
Weight
[g/mol]

Density
[g/mL]

Ethylene Carbonate

C3H4O3

88.06

Diethyl Carbonate
Lithium
Hexafluorophosphate

C5H10O3
LiPF6

Chemicals

Total Batch Mixture [mL]

Volume
Ratio

Volume
[mL]

Amount of
Chemical
[g]

1.32

1.00

5.00

6.60

118.13

0.98

1.00

5.00

4.88

151.91

1.55

1.52

10

Through testing it was determined that a 1M LiPF6 in EC+DEC (3:7 vol%)
electrolyte system yielded the best results; therefore, it was selected to be utilized
throughout the rest of the research.

3.9 Separator Selection
The last remaining component within a lithium ion cell is the separator material.
The separator is typically a micro-porous plastic polymer and has the essential function
of preventing physical contact of the positive and negative electrodes. This prevents
electrons from flowing between the electrodes, but still allows an unrestricted flow of
ions through it in the liquid electrolyte. This research consisted of evaluating two
different separator materials microstructure as they came before being manufactured in
a classical lithium ion cell, as well as reevaluating them after the cell was fabricated and
subject to cycling at a 1C cycling rate for 30 cycles.
The separators examined in this research were both 25 µm thick films
manufactured by a dry stretch process. The first separator film was a tri-layer
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membrane polypropylene/polyethylene/polypropylene (PP/PE/PP) (MTI Corporation)
battery separator film and contained 40% porosity with an average pore size of 0.03 µm
(Figure 29-A). The other film examined was Celgard’s 2325 Tri-layer PP/PE/PP battery
film (courtesy of Celgard), which contains a 41% porosity with a pore size of 0.09×0.04
µm (Figure 29-B). Even though both of these films are similar in their physical
properties, the microstructures greatly vary due to each manufacture’s precise dry
process fabrication of the film. As evident in the SEM micrographs, the MTI tri-layer
separator contains a larger elongated slit pore almost ripped design compared to the
Celgards 2325 tri-layer separator, which exhibits a much better formed and slightly
elliptical slit pore makeup. The pore properties are specifically dependent upon the
uniaxial and biaxial stretching fabrication process of the film [41].

Figure 29 - Micrographs of unused tri-layer PP/PE/PP separators (A) MTI Corporation battery film
(B) Celgard 2325 film.

Two significant problems were evident during cycling of the MTI tri-layer film
when compared to Celgard’s tri-layer film, which are both explained by the micrographs
of the cycled cells (Figure 30). Cells manufactured with MTI’s separator film exhibited
an extremely high irreversible capacity loss as well as a much greater capacity fade
throughout cycling. Also, a much higher failure rate was also evident with MTI’s
separator due to the fabricated cells shorting out.
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Figure 30 - Micrographs of cycled tri-layer PP/PE/PP separators (A) MTI Corporation battery film
(B) Celgard 2325 film.

These encountered problems were due to the pore design of MTI’s tri-layer
fabricated separator. The larger cracks in the separator can be packed full of particles
off of the electrodes, which are gradually filled during cycling causing a continual growth
of the SEI layer resulting in a larger capacity fade. Furthermore, the much higher failure
rate of the cells was directly due to the larger pores allowing particles from the
electrodes to come in contact with each other allowing for a flow of electrons within the
cell. This effect is evident when the cell does not charge, which means the pores in the
separator allowed an immediate mass flow on internal electrons when the charge
process was initiated. This failure effect is also exhibited when the cell encounters an
extremely high irreversible capacity loss followed by a rapidly growing capacity fade
until failure.

Due to these results and superior performance characteristics found

throughout literature, Celgard’s 2325 tri-layer superiorly manufactured separator film
was selected to be utilized for cell fabrication in this research [41].

3.10 Test Cell Construction
The initial testing utilized a reusable three electrode split cell (Figure 31);
however, in order to test the amount of cells desired for this research it was deemed
that another way to manufacture multiple cells for testing would be beneficial. Two
different cell constructions were considered: pouch cells (Figure 5) and coin cells
(Figure 6). After further research of both types of cells, a CR2032 coin cell base was
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chosen due to its size, availability, ease of manufacturing, and they are the most
inexpensive type of battery to fabricate [4]. There are several steps required in order
manufacture coin cells with fabricated materials. These steps are cutting of the
electrodes, cutting of the separator, cell stacking, electrolyte insertion, pressing of the
cells, and extra sealing of the cells. Since the equipment to fabricate these cells is
expensive many of the traditional steps have been modified in order to fit the given
budget for materials and supplies.

Figure 31 - Three electrode split cell testing apparatus.

The shape of the electrode for a CR2032 coin cell is circular with a 15 mm
diameter, while the separator is slightly larger with an 18 mm diameter to ensure that
the cathode and anode do not touch throughout manufacturing. The most efficient way
to cut the electrodes was with a 15 mm round hole arch punch. The process for this
consisted of laying the electrode tape casts over a cutting board and tapping the punch
with a hammer to produce a perfect 15 mm diameter circle for every electrode.
The separator material proved harder to achieve a clean cut with a round hole
arch punch, or an X-Acto knife, than the electrodes were. Therefore, another method for
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cutting the separator was necessary. A C-200 carbon dioxide (CO2) powered laser
cutting system was implemented by programming the shape of the separator into Corel
8’s drawing program (Figure 32). The laser cutter easily cut the separator material that
resulted in manufacturing multiple separators from a single cycle into perfect circles.

Figure 32 - C-200 carbon dioxide programmable laser cutter system.

After all of the materials were prepared for fabricating a coin cell, the respective
cathodes and anodes were examined for deformation, weighed to calculate the
theoretical capacitances, labeled, and then transferred into the glovebox. These were
accompanied by the coin cell case, spring, spacer, separator, and electrolyte carbonate
solution (Figure 33). Once everything had been successfully transferred into the
glovebox, it was left alone in the inert atmosphere for at least 24 hours to ensure full
removal of any moisture contained in any of the materials.
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Figure 33 - Picture of coin cell fabrication pieces in glovebox.

The next step in producing a coin cell was to finish synthesizing the electrolyte by
adding the lithium salt LiPF6 to the carbonate solution and mixing it with a stir rod on a
stir plate for an hour (Figure 34). Once the solution was prepared, the coin cells were
ready for fabrication. While initially producing the coin cells, obstacles such as how
much electrolyte was required for each cell, how long it took for the electrolyte to
permeate through the electrodes, and how to successfully seal each coin cell, were
solved through a trial and error process. When too much electrolyte was in the cell, it
would cause an overflow during sealing; if not enough electrolyte was added, the
electrochemical properties of the cell suffered. Eventually, after carefully documenting
each step for several batches of coin cells, a process that yielded a high rate of
successful batteries was developed. This exact process was followed for all of the coin
cell performance tests since each cell needed to be constructed in the same manner for
all of the test cells throughout the research to be comparable to each other.
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Figure 34 - Electrolyte mixing process conducted in inert atmosphere of glovebox.

The developed process started by adding 10 mg of the electrolyte to each of the
electrodes and letting the solution permeate throughout the electrodes for 30 minutes.
Next the saturated anode was placed in the negative, smaller side, of the coin cell
where a separator was carefully centered and placed on top of the anode along with 5
mg of more electrolyte solution on top of the separator. Then the saturated cathode was
centered and stacked on top of the separator followed by a stainless steel spacer and
spring, which was used to ensure that an even pressure was distributed throughout the
entire surface of the electrodes to the separator (Figure 35). Finally, the top side of the
coin cell was added enabling the coin cell to be sealed by an arbor press with CR2032
dies. The process of crimping the cell for an effective seal proved tedious at first, but by
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carefully centering and slowly crimping each cell a repetitive method was developed
(Figure 36).

Figure 35 - Schematic of internal layered components comprised in performance test coin cells.
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Figure 36 - Battery arbor press with CR2032 coin cell dies, ready to crimp coin cell.

Furthermore, an extra measure to ensure a successful seal was initiated, due to
the fact that some of the plastic seals on the purchased coin cell cases produced
hairline cracks after pressing into completed cells. As a safety precaution, epoxy was
spread around the seal of the coin cells immediately following their removal from the
glovebox, eliminating any leaks to develop while cycling (Figure 37).
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Figure 37 - Successfully epoxy sealed coin cell followed by a failed epoxy sealed coin cell with
electrolyte leakage from gaseous buildup.

3.11 Performance Testing
After each cell was manufactured, the next phase of testing the cell was initiated.
This way comprised of forming the solid electrolyte interface (SEI) layer followed by
charging and discharging (cycling) the cell. For each series of performance tests, the
specific protocol was slightly tailored and will be stated within each respective section;
however, an overall protocol for testing all of these cells is delivered in this section.
For all of the in-house fabricated cells, the theoretical capacitance (C) was
calculated based on the mass of the cathode (Table 4). The SEI layer was formed
based on the theoretical C by very slowly charging the cell to 4.2 V then cycling the cell
at a constant current (CC) C/25-C/40 rate for 1-3 cycles from 3.0-4.2 V for a smooth SEI
formation layer.
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Table 4 - Example of theoretical and experimental capacity calculations for in-house fabricated
coin cells.
Specific Capacities:
Electrolyte

Cathode

LiCoO2 - 140 [mAh/g]
Volume
LiCoO2
[%]

Anode

Volume
Graphite
[%]

1M LiPF6
EC+DEC
(3:7 vol%)

LiCoO2 (InHouse)

80.00

Graphite
(Alfa Aesar)

90.00

Anode
Mass [g]

Theoretical
Capacity
Cathode
[mAh]

Cathode
C/25
[mAh/g]

SEI Layer
Cycles

Real
Discharge
Capacity
[mAh]

0.0484

9.2064

0.368

1.5

8.253

Graphite - 372 [mAh/g]
Mass
of
Cathode
Separator
Mass [g] LiCoO2
[g]
Celgrad 2325

Rate:
C/2
4.127

0.0822

Rate:
C/5
1.651

0.0658

Rate:
C/20
0.413

Once the formation cycles were completed, the coin cells were charged at a
constant current (CC) C/5 rate, then held at a constant voltage (CV) 4.2 V until the
current dropped below C/25 or a maximum of two hours had passed. A rest period of 15
minutes was taken after the cell was charged to allow for the voltage to stabilize.
Following the rest period, each cell was then discharged to 3.0 V at a (CC) 2C-C/5 rate,
where another 15 minute rest period was taken. Each cell was then cycled multiple
times following a direct protocol for each series of performance tests.
Two test stands were utilized for cell performance testing. The initial test stand
consisted of separate units for cycling. Charging was performed by a BK Precision
9121A programmable DC power supply, while discharging was performed with a BK
Precision 8500 programmable DC electronic load (Figure 38). This test stand proved
that functional cells could be produced in the lab with the three electrode split cell.
However, with this apparatus only a single cell could be examined at a time and each
unit had to be programmed and started by a user for each part of cycling. This method
required too much time in order to test the amount of cells desired for the research and
was only utilized for the split cell testing.
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Figure 38 - Initial battery test stand consisting of BK Precision's 9121A programmable DC power
supply and 8500 programmable DC electronic load cycling a three electrode split cell in a battery
testing box.

The other test stand used for the majority of the testing was MTI’s 8 channel
battery analyzer. This apparatus easily allowed for 8 separate cycling programs to
operate independently since each channel consisted of its own CC and CV source
(Figure 39). Each cell could be set up with a specific test protocol programmed with a
computer, and then tested simultaneously for as many cycles as desired without further
user input. Data was collected in real time and exported to excel when the cell finished
its run. This test stand was utilized for all of the coin cell testing.
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Figure 39 - MTI Corporation 8 channel battery analyzer testing stand setup.

3.11.1 Split Cell
Split cell performance tests were conducted for proof of concept of the research.
These tests were performed with the initial test stand and proved that an in-house
battery could be manufactured, cycled, and the data recorded. Furthermore, cells
containing composite materials of carbon fiber as the anode along with fiberglass as the
separator were also successfully fabricated and tested. Although the performance of
these initial split cell tests were much lower than future manufactured cells, this testing
provided the essential beginning steps to fabricating in-house batteries.
The protocol for these cells was later considered naive, because testing was
conducted early in the research a true knowledge of how to form and test fabricated
lithium ion cells had not been fully established. The electrolyte solution for these series
of cells was 1M LiPF6 in EC+DEC+DMC+PC (4:3:2:1 vol%), each cell endured 3 cycles
with a charge rate of 0.5C (1-10 mA) to 4.2 V and a discharge rate of 0.2C (0.01-0.1
mA) to 2 V.
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Figure 40 - Baseline performance cycle of classical lithium ion architecture in a three electrode
split cell.

This classical lithium ion cell was the first functioning battery achieved with
quantitative data collected (Figure 40). This proved that a lithium ion cell could be
manufactured and successfully tested for this research. However, data from this series
of tests unveiled several problems with the current procedures, such as: 1)
overcharging, 2) discharging to a lower voltage than LiCoO2 can recover from without
creating a higher irreversible capacity loss, and 3) the formation of a poor SEI layer.
These issues are corrected throughout the rest of the performance testing (Section
3.11). Since each three electrode split cell fabricated was subject to the same testing
protocol as the baseline, each cell fabricated performed similarly but with much larger
irreversible capacity losses. Furthermore, due to the particulate derived anode mixture,
the fiberglass replaced separator continually shorted due to movement of the anode
powders through the fiberglass porosity. The initial performance for substituting different
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carbon fibers as the anode and fiberglass as the separator are further displayed
(Appendix-A).

3.11.2 Electrolyte
Once a functional series of tests were completed with the split cell apparatus
proving that the in-house fabricated materials could produce a functioning cell, several
coin cells were manufactured and tested in the same manner with the 8 channel battery
analyzer. However, the cells performed extremely poor and the majority failed. It was
realized that the 1M LiPF6 in EC+DEC+DMC+PC (4:3:2:1 vol%) electrolyte solution was
not fully compatible with the graphite used in the classical lithium ion cells and caused
them to only function at low cycling rates. This is because PC reacted with the graphite
during the charging process causing exfoliation of the graphite anode which resulted in
a charge plateau below 4.2 volts [39].
It was determined that a different electrolyte system was required to produce
functioning classical lithium ion cells, so three common systems found throughout
literature 1M LiPF6 in EC+DEC (3:7 vol%), 1M LiPF6 in EC+DEC (1:1 vol%), and 1M
LiPF6 in EC+DEC+DMC (1:1:1 vol%), were simultaneously tested and compared
(Figure 41).
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Figure 41 - Electrolyte performance data consisting of the coulombic efficiency overlaid with the
normalized discharge capacitance of each electrolyte.

The testing protocol for this series consisted of a C/20 SEI 1 cycle formation rate,
followed by a 1C discharge rate, and a C/2 charge rate for 50 cycles. Three cells of
each of the respective electrolytes were fabricated and tested with the best resulting
performance from each solution associated.
The 1M LiPF6 in EC+DEC (3:7 vol%) electrolyte solution functioned better
compared to the other solutions in the classical lithium ion chemistry of the cells being
tested. The coulombic efficiency derived from this electrolyte was the most consistent of
the three and showed a typical capacitance fade over cycling, which is main reason it
was selected to go forward with in future testing. The normalized discharge capacitance
was lower than desired; however, future series of performance tests were completed to
increase the capacitance of the fabricated cells.
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3.11.3 Preliminary Composite Performance Data
Once a stable electrolyte was selected and additional practice with forming and
cycling in-house manufactured lithium ion cells had been conducted, the next series of
tests were performed to improve the initial performance data from the composite cells
(Section 3.11.1, Appendix-A). With the addition of a more reliable test stand, and the
transition to fabricating coin cells, it was important to re-establish and determine how
the performance obtained by substituting carbon fiber as the anode and fiberglass as
the separator material compared to a classical lithium ion cells’ abilities.
The testing protocol for this series of cells included a formation charge rate of
C/20 for 3 cycles followed by a cycling rate of C/2 for 20 cycles. In order to evenly
compare the performance data from the electrochemical tests by each of the cells, the
coulombic efficiency and normalized capacitance of the discharge per cycle were
examined (Figure 42).
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Figure 42 - Electrochemical testing data with different architectures including a novel lithium ion
cell, a substituted carbon fiber anode cell, and a substituted fiberglass separator with carbon fiber
cell.

This novel cell architecture provided a baseline that consisted of an in-house
solid-state synthesized LiCoO2 powder + carbon black + carbon nanofiber + PVDF
cathode and corresponding synthetic graphite + PVDF anode. The baseline cell
throughout cycling retained a 98% coulombic efficiency, and displayed roughly a 3%
capacitance fade after 20 cycles.
The first composite comparison was made was by replacing the traditional
graphitic anode with a PAN-based 1K plain weave ultra-light carbon fiber fabric (Fibre
Glast Developments Corporation). No pretreatment of the sample before testing was
completed and a copper current collector was still utilized. All of the other components
remained the same to achieve an equal comparison. The electrochemical testing with
substituted carbon fiber anode resulted in a noticeable decrease in performance. The
cell was able to retain a 96% coulombic efficiency throughout cycling; however, the
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initial irreversible capacity loss was 20% higher than the baseline and experienced a
relative capacitance loss of 15% due to cycling.
Once the performance of the carbon fiber fabric was established with the Celgard
2325 tri-layer separator, an E-Glass 8H satin weave fiberglass fabric (Fibre Glast
Developments Corporation) was used as a replacement separator within a battery using
the carbon weave as the anode. The carbon weave was used in place of a typical
particulate derived anode mixture since initial battery tests showed continued shorting
due to movement of the anode powders through the fiberglass porosity. The fiber glass
weave possessed large diameter pores through its structure that allowed for graphitic
powder to migrate and percolate through the structure leading to short circuiting of the
cell. The substitution of fiberglass for the tri-layer separator created a dual composite
multifunctional battery. The overall trend of this test cell exhibited similar traits to that of
the previous cell. The cell exhibited over 98% coulombic efficiency, but showed 25%
more irreversible capacity loss than the baseline, with a further 23% loss in capacitance
over the rest of testing.
The thickness from the fiberglass fabric led to an unstable coulombic efficiency
that caused longer cycling times than originally predicted. The fiberglass fabric had an
average thickness of 150 µm, compared to the 25 µm thickness of the Celgard PP/PE
separator. This results in a larger ion diffusion path, and thus, an increased overall
internal resistance for the battery cell. This resistance caused the composite materials
to exhibit a higher irreversible capacity in addition to a larger capacitance loss from
cycling than compared to the baseline. The evaluated results of the electrochemical
performance data better asserted that fiberglass and carbon fiber are viable alternative
battery materials.

This evaluation laid out the important beginning steps in the

fabrication of a functional composite multifunctional lithium ion battery; however, more
steps were required in order to produce in-house, highly functional lithium ion batteries
before multifunctional manufactured cell testing could begin.

3.11.4 Cast Thickness/Anode Material
Once a stable functioning electrolyte was synthesized, the next course of action
was to achieve a higher cell capacitance. Since it was believed that a highly functional
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LiCoO2 cathode material had been fabricated, the focus shifted to improving the
electrodes. To solve this problem, the first action was to tape cast the electrodes at
larger thicknesses, with the desire to elevate the amount of active lithium particles and
raise the capacity of the test cells. The next course of action was to incorporate carbon
nanofiber, along with carbon black in the cathode, and eventually the anode. This
incorporation was conducted with the purpose to increase the electrical conductivity and
active surface area, form a dense electrode system, and include a nanoparticle
structural reinforcement component to assist the PVDF binder. Lastly, since all of the
testing to this point had been conducted with a synthetic graphite anode, natural
graphite was selected for the anode and ran in parallel (Section 3.5.1). The cycling
protocol for this series of tests comprised of a C/20 charge to 4.2 followed by a C/20
discharge to determine the actual cell’s capacitance, then 30 cycles were completed
with each cell at a 1C rate.
The logic behind casting thicker electrodes was to increase the amount of active
material (LiCoO2) in the cathode. This was due to the fact that the electrodes were
initially cast at 0.3 mm, but due to the low solids loading (10-20%) in the synthesized
inks, the dried electrode tape was 0.01 mm thick. This resulted in a less than desirable
amount of active lithium particles that attributed to the capacitance of the cell. While
keeping the thickness of the cast for both cathode and anode the same, the cast
thickness was raised to 0.4 mm. This technique improved the normalized capacitance,
but only slightly, which led to conducting several more cast thicknesses (Table 5). Each
cast thickness continued to increase the overall cell’s capacitance as expected (Figure
43); however, as the cast thickness increased the electrode became more fragile and
eventually unusable at a cast of 1.25 mm due to cracking and its brittle nature.
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Table 5 - Tape cast electrode deposition thickness with resulting thickness of electrodes after
drying process.
Wet Tape Cast
Thickness
[mm]

Dry Cathode
Thickness
[mm]

Dry Anode
Thickness
[mm]

0.3
0.4
0.75
1

0.01
0.02
0.08
0.16

0.04
0.06
0.12
0.24

1.25

0.2

0.3

Figure 43 - Normalized initial coin cell capacitance comparing different anode formulations over
wet tape casting thicknesses.

The carbon nanofiber material was selected due to its multifunctional properties,
which aided the carbon black in improving the electrical conductivity of the cathode
electrode. Furthermore, it supported the PVDF binder by incorporating a nanoparticle
structural reinforcement component to the electrodes by binding all of the particles
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together (Figure 44). This addition resulted in an increased electrical conductivity
magnitude of 10 S/cm throughout the cathode, compared to what was achieved by
carbon black alone. Improved structural properties of the multifunctional electrode
system were evident, especially at the larger cast thicknesses, by significantly reducing
the brittleness and flaking of the now dense electrode throughout the manufacturing of
test cells.

Figure 44 - SEM micrographs of the composite structural electrode, including conductive
additives of carbon black and carbon nanofibers as a structural reinforcement (A) cathode
electrode and (B) structural composite cathode manually fractured to illustrate carbon nanofiber’s
structural reinforcement.

The improved structural integrity observed by incorporating carbon nanofiber
along with the carbon black in the cathode led to implementation of these particles in
the anode (Figure 45). The desired result was a thick and dense electrode system, with
improved structural properties due to the nanofiber reinforcement. This addition proved
to be highly beneficial once the testing was completed. By splitting 8 vol% of the
graphite material with 4 vol% carbon black and 4 vol% carbon nanofiber, an average of
5 mAh/g increase in the cell’s initial capacitance was observed.
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Figure 45 - SEM micrographs of different anode formulations (A) natural graphite (B) synthetic
graphite (C) natural graphite with carbon additives (D) synthetic graphite with carbon additives.

The natural graphite selected for testing exhibited a higher initial capacitance
than synthetic graphite. The initial capacitance achieved from the synthetic graphite with
carbon additives was 64 mAh/g, which is about half of the theoretical reversible
capacitance of LiCoO2. The highest capacitance achieved from natural graphite in this
testing was 112 mAh/g, which is near double compared to the synthetic graphite and
much closer to the theoretical reversible capacitance of LiCoO2 of 140 mAh/g.
The lower capacity obtained with the synthetic graphite is due to the lower
rhombohedral phase content, 8.2%, with corresponding defect concentration. In this
graphite, the lithium ions intercalation is predominantly on the surface layer, which
prevents further insertion of ions into the graphite’s interlayers [69]. This phenomenon is
due to an accumulation of ions at the limited amount of defect sites during cell
69

formation; therefore, a promoted electrolyte decomposition and an anchored growth of
the SEI layer occurred [71], [79]. Thus, the natural graphite that contained a hexagonal
phase content of 29.9%, with corresponding defect concentration, was able to achieve a
higher initial cell capacitance.
Unfortunately, the capacity fade during cycling of the natural graphite was an
unacceptable 53%, greater than the synthetic graphite at 14% (Figure 46). Even with
the higher capacity loss, the natural graphite was selected from this series of tests to be
utilized in the rest of performance testing due to its high initial capacitance, with the next
set of testing focused on minimizing this observed capacity loss.

Figure 46 - Cycling data overlaying the capacity fade of different anode formulations.

The electrode formulations determined from this series of performance tests
were a cathode of LiCoO2 (in-house synthesized) + carbon black (Timcal, Super C45) +
carbon nanofiber (Pylograph, PR-19-XT-LHT) + PVDF (Alfa Aesar, 44080) at (80/5/5/10
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vol%), and an anode of natural graphite (Alfa Aesar, t2N5) + carbon black (Timcal,
Super C45) + carbon nanofiber (Pylograph, PR-19-XT-LHT) + PVDF (Alfa Aesar,
44080) at (82/4/4/10 vol%). This formulation was utilized to fabricate electrodes for the
rest of the battery tests.

3.11.5 Solid Electrolyte Interface Formation
The formation of the solid electrolyte interface is largely dependent upon the
graphitic materials in the anode and the electrolyte being utilized in the battery. This
series of performance tests were conducted to determine the best protocol for forming a
highly functional SEI layer with the revolutionary combination of materials fabricated in
this research. Due to the various theories of SEI formation found throughout literature,
the incorporation of nanoparticles throughout the anode could completely change the
required formation protocol to correctly form a thick dense SEI layer. An insufficiently
thick SEI layer will cause an immediate increase in the irreversible capacity loss by
allowing the rapid exfoliation of the graphite structure combined with electrolyte
decomposition with the graphite. Furthermore, the addition of carbon nanoparticles
within the fabricated anode that increase the cells capacitance could also cause a
higher irreversible capacity loss. The SEI layer is known to continue to increase with a
decrease of particle size due to the fast breakdown of the weaker small particles,
leading to a growth of the SEI layer over more particles. This performance test (Figure
47) was required to ensure that the in-house fabricated cells would fully form the SEI
layer, allowing them to perform at their maximum potential.
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Figure 47 - Solid electrolyte interface cycling formation tests.

The protocol for this series of test cells was conducted at a slow rate determined
by calculating the theoretical capacitance of each cell and cycling it at a C/25 rate. For
this data a cycle includes both the charge and discharge portion to complete 1 cycle,
whereas 0.5 means that the cell was subject to half or only the charge part of cycle.
Each cell was then cycled at a consistent C/5 rate based on the actual capacitance for
30 cycles (Table 6).
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Table 6 - Capacity loss [%] for each SEI formation, along with the observed loss through 30
cycles.
SEI
Cycles

SEI Formation
Capacity Loss [%]

Cycling Capacity
Loss [%]

1

15

30.6

1.5

13.8

26.9

2

12.8

27.6

2.5

9.27

27.3

3

9.16

24.9

Extrapolated from this series of tests is that due to the innovative combination of
particles throughout the cell, the full formation of the SEI layer was not nearly completed
during one formation cycle, which lead to a capacitance loss of 31% over 30 cycles.
Actually, the stability of the cell continues to improve with each increased slow cycle
resulting in the lowest irreversible loss of 25% after 30 cycles by conducting 3 full SEI
cycles. However, the test cell conducted with a protocol of 1.5 cycles only experienced
a capacity loss of 27% once cycling was completed. Therefore, due to the substantial
amount of time required to complete just one cycle, experimentally between 25-30
hours per half cycle, a SEI formation protocol of 1.5 cycles was selected to be utilized
throughout the rest of the battery testing.

3.11.6 Off-the-Shelf Powder vs. In-House Synthesized Powder
The last test conducted before continuing on to the next phase of the research
was required to compare how the in-house synthesized cathode powder performed
compared to an off-the-shelf purchased cathode powder. Even though a functional
LiCoO2 cathode powder had been proven to be synthesized, a comparison to a readily
available off-the-shelf powder was required to determine if the produced powder could
perform at the same quality or better. These tests directly compared the capacity and
fade due to cycling of both cathode powders. For this, a pure phase LiCoO2 cathode
powder (Sigma-Aldrich, 442704) was obtained and compared to the in-house processed
powder through microstructure characterizations of X-Ray diffraction and scanning
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electron microscopy (Section 3.5.2). Furthermore, the in-house cathode powder was
subjected to a parallel evaluation at different charge and discharge levels to evaluate
the capacitance fade seen at different rates (Figure 48).
All of the processing steps for fabricating the electrodes through manufacturing
coin cells were performed in the same manner, regardless of the cathode powder
utilized. The SEI formation cycle for these tests was 1.5 cycles, where the capacitance
of each cell was determined and then programmed according to the charge and
discharge rate being evaluated. Cycling rates of the in-house cathode ranged from C/5
to 1C for 30 cycles, where an expected decrease in capacitance should be observed as
the rate is increased. The rate for comparing the off-the-shelf powder to the in-house
synthesized powder was at C/5 for 30 cycles.

Figure 48 - Rate testing comparing in-house synthesized LiCoO2 powder to an off the shelf (Sigma
Aldrich) LiCoO2 powder at different charge and discharge rates. The key represents the charge (C)
and discharge (D) rate related to the capacitance of the cell.
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The in-house cathode cells that were cycled at higher rates in parallel
experienced a larger capacitance fade as expected. As the discharge and charge rates
were increased, the initial capacity loss over the first cycle, after SEI formation,
increased significantly. However, from these results it was also determined that
retaining a slower charge rate aided in lowering the capacitance fade as the discharge
rate was increased. A cell that was cycled at a C/2 rate experienced almost a 40% fade
in capacity, whereas a cell that was discharged at C/2 but charged at C/5 only
experienced a 20% fade in capacity over 30 cycles. In the end, this test determined the
protocol that would be used for future testing.
In regards to comparing the in-house synthesized cathode powder to an off-theshelf cathode powder, the in-house synthesized powder had superior performance
when cycling at the C/5 rate. Over 30 cycles, the in-house cathode cell only
experienced a mere 3.3% fade in capacity, while the off-the-shelf cell experienced a
larger 14% fade in capacity over cycling. Furthermore, an 8% increase in the
normalized capacitance of the in-house cathode was observed. This result proved that
the LiCoO2 cathode powder being manufactured in-house yielded higher performance
results than what could be purchased, which allowed it to be confidently used for the
rest of the battery testing.
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Chapter 4: Electrochemical Evaluation of Multifunctional Materials
4.1 Introduction
This chapter is the evaluation of the first path to fabricate a composite
multifunctional lithium ion battery (Figure 19). This architecture consists of a structure
with carbon fibers and fiberglass, incorporated within fiber-reinforced composites that
act as active components within the battery structure. This structure exemplifies the
true intent of a multifunctional battery. However, a decrease in performance is expected
when compared to a traditional lithium-ion cell, due to the replacement of the traditional
electrochemically active materials with alternative materials that are designed for
structural utility (and not electrochemical activity).
This section is the first step in accomplishing truly multifunctional architecture,
which was conducted to maximize the electrochemical potential of a carbon fiber weave
by modifying it through various pretreatments. Electrochemical testing of the modified
carbon fiber weaves were conducted in a traditional button cell platform.

The

performance for the use of the modified carbon fibers as the anode was then compared
to the performance of conventional lithium ion materials to see which of the
pretreatments improved the carbon fiber’s performance.
The largest survey of material properties found through electrochemical testing of
fibrous fabrics has been conducted by the US Army Research Laboratory. Their
research was comprised of electrochemical testing on readily available off-the-shelf
carbon materials in novel lithium ion battery structures. Their results showed that PAN
based carbon fiber materials resulted in the best overall electrochemical capacitance,
as well as sustaining the widest breadth of applicability for use in structural or textile
applications [55]. Other groups have investigated further by trying to improve the
electrochemical properties of carbon fibers by pretreatments such as heat or chemical
modifications; however, most of the tested carbon fiber materials were individually
processed and are not available commercially, In addition, each processed material
was subjected to a single type of pretreatment [56], [57]. Another method alter the
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composite materials discussed throughout literature was to modify the carbon fiber
material by pretreating it then incorporating the fibers within a traditional anode (not as a
continuous weave) and performing electrochemical testing to increase performance of
the novel lithium-ion cell [58], [59]. The impetus for this research was based on the fact
that the electrochemical potential as a standalone anode of many of these different
pretreatments on commercially available materials are largely unknown. These ideas
were manipulated and integrated for the purpose of making a truly composite
multifunctional battery.

4.2 Carbon Fiber Experimental Treatments
This research consisted of ten different treatments performed to carbon fibers,
which were observed throughout literature; with the desire to maximize the
electrochemical potential of carbon fiber in a lithium battery system [56], [57], [58], [59],
[80], [81], [82]. The fibers received from the manufacturer are considered “sized” due to
an epoxy or polymeric coating on the fiber surface. This coating is applied to the fiber
strands for improved handling characteristics during manufacturing [83]. Sizing
treatments can affect physical properties of the fiber, such as roughness, porosity, and
surface functional groups. These alterations can reduce adhesion strength between the
fibers and epoxy matrix. The pretreatments are expected to “desize” the fibers by
removing this coating, as well as modify the functional groups on the surface of the
fibers. The effect of each treatment of the fibers was characterized in Section 4.3, while
the effect on the capacity and the cyclic ability of carbon fibers as a direct anode in a
lithium ion battery system was also evaluated in Section 4.4. The ultimate goal is to
derive empirical correlations between each treatments modification to the carbon fiber
and the resulting electrochemical performance.
There are three types of carbon fiber samples evaluated in this research (Table
7). The properties of every carbon fiber are dependent on the fabrication process and
source materials. There are two basic carbon fiber types, polyacrylonitrile (PAN) and
pitch, and these terms are based upon the precursor polymers utilized in the fabrication
of these fibers. PAN based fibers have a moderate graphite content, high strength, and
low density; whereas, pitch based fibers contain a high graphite content, high modulus,
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high cost, high thermal conductivity, and high electrical conductivity [55], [84], [85].
Traditionally, pitch based fibers have been chosen for use in battery systems due to a
high degree of graphitic content; however, research has shown that the structure of
PAN based fibers have the capability of a higher capacity [57], [81]. Furthermore,
carbon fibers utilized in this work are from both commercial grade and aerospace grade,
each with its own advantages for anode functionality. The commercial grade is initially
made from a large tow and then separated to make smaller tows; this process causes
the fibers to be frayed and rough. The aerospace grade is initially made into a smaller
tow, resulting in a clean smoother surface [56].
Table 7 - Manufacturer provided carbon fiber properties.

The
Composites
Store (CST)

Brand
Type

Cytec
Thornel

Cytec
Thornel

PAN

PAN

Pitch

T-300
Commercial
1K
1

T-300
Aerospace
3K
1

P-25
Aerospace
2K
1

7

7

10

Density [g/cm ]
Fiber Tensile Strength [MPa]
Fiber Tensile Modulus [GPa]

1.76
3530
230

1.76
3750
231

1.92
1560
159

Electrical Resistivity [µΩ•m]

17

18

12

Grade
Tow
Epoxy Sizing wt%
Filament Diameter [µm]
3

The treatments conducted on the fibers consisted of three atmospheric
treatments while heating the fibers in a tube furnace and holding a temperature of
200°C and 400°C for 8 hours in each environment, respectively. The three atmospheres
selected were air, argon, and forming gas (95% N2/5% H2). The acid pretreatments
selected were 1M Hydrochloric (HCl), 1M Nitric (HNO3), and 1M Sulfuric (H2SO4). The
process for these were soaking the fiber in the acid for 8 hours then rinsing them with
deionized water where they were then transferred into an inert atmosphere to dry. After
treatment each modified material was then characterized and electrically evaluated in a
lithium ion battery system.
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4.3 Characterization of Carbon Fiber Treatments
The micro-characterization techniques employed to investigate the different
carbon fiber modification pretreatments consisted of X-Ray photoelectron spectroscopy
(XPS) (Physical Electronics PHI 5000 VersaProbe) and scanning electron microscopy
(SEM) (JEOL JEM-7600F). SEM was used to view physical alterations of the fiber
microstructure due to the impact from each treatment. XPS further analyzed this impact
by determining the elemental compositions of C, O, and N on the surface of each fiber
along with the fluctuating chemical structures in the carbon C 1s spectra peak. The PAN
based commercial grade T-300 1K (CST) carbon fiber was the only fiber to receive all of
the different pretreatments with corresponding microstructural investigations (Figures
49-58). Results of each respective evaluation are discussed below.

Figure 49 - SEM micrograph and corresponding XPS spectra deconvolution analysis of
unmodified T-300 commercial grade fibers.
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Figure 50 - SEM micrograph and corresponding XPS spectra deconvolution analysis of desized T300 commercial grade fibers by a heat treatment of 200°C.

Figure 51 - SEM micrograph and corresponding XPS spectra deconvolution analysis of desized T300 commercial grade fibers by a heat treatment of 400°C.
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Figure 52 - SEM micrograph and corresponding XPS spectra deconvolution analysis of desized T300 commercial grade fibers by an inert atmospheric heat treatment at 200°C.

Figure 53 - SEM micrograph and corresponding XPS spectra deconvolution analysis of desized T300 commercial grade fibers by an inert atmospheric heat treatment at 400°C.
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Figure 54 - SEM micrograph and corresponding XPS spectra deconvolution analysis of desized T300 commercial grade fibers by a reducing atmospheric heat treatment at 200°C.

Figure 55 - SEM micrograph and corresponding XPS spectra deconvolution analysis of desized T300 commercial grade fibers by a reducing atmospheric heat treatment at 400°C.
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Figure 56 - SEM micrograph and corresponding XPS spectra deconvolution analysis of desized T300 commercial grade fibers by a 1M hydrochloric acid treatment.

Figure 57 - SEM micrograph and corresponding XPS spectra deconvolution analysis of desized T300 commercial grade fibers by a 1M nitric acid treatment.
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Figure 58 - SEM micrograph and corresponding XPS spectra deconvolution analysis of desized T300 commercial grade fibers by a 1M sulfuric acid treatment.

The scanning electron micrographs illustrate how each different pretreatment
affected the actual fiber surface. There are distinct alterations to each pretreated
sample. Each fiber that was subject to a heat treatment caused them to experience
splitting along the fiber strand. Furthermore, the sulfuric acid and reducing atmospheric
treatments appeared to create defects to the pores throughout the entire fiber surface. It
was theorized that these alterations would increase the amount of lithium ions that could
be inserted into the carbon fiber structure; therefore, resulting in an increase in initial
cell capacitance [58], [59]
An in depth X-Ray photoelectron spectroscopy analysis, by CasaXPS processing
software, of the different pretreatments performed to the carbon fiber samples show that
there are significant differences in surface chemistry of the C 1s spectra. A Shirley
background was first applied to the spectra region prior to the peak analysis. The peak
shape was conducted to investigate different surface functional groups by a
deconvolution method of Gaussian with a 30% Lorentzian contribution. The parameters
selected for this analysis had been documented throughout literature discussing XPS
studies on carbon fiber [86], [87], [88].
Throughout publications, there are small observed ranges of deconvoluted
binding energies that refer to the different observed carbon based surface bond
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functional groups. These general peak binding energy groups were associated with their
respective atomic concentration % (Table 8).
Table 8 - XPS deconvolution to C 1s peak analysis of different pretreatment altered surface
functional groups on carbon fiber.
Peak 2

Peak 1

Peak 3

Peak 4

Binding Atomic
Binding Atomic
Binding Atomic
Binding Atomic
Energy Concentration Energy Concentration Energy Concentration Energy Concentration
[eV]
[eV]
[%]
[eV]
[%]
[eV]
[%]
[%]
Untreated
Heat 200°C
Heat 400°C
Inert 200°C
Inert 400°C
Reducing 200°C
Reducing 400°C
Hydrochloric
Nitirc
Sulfuric

283.47
283.44
283.71
283.12
283.68
283.70

29.47
30.92
21.07
13.21
55.98
23.13

284.61
284.58
284.62
284.61
284.59
284.58
284.60
284.60
284.59

68.24
48.09
53.81
51.32
57.22
46.30
78.76
69.61
41.23

286.28
285.85
285.38
285.80
285.36
285.96
286.63
285.21
286.03
285.83

28.05
20.20
43.27
15.08
40.39
29.49
8.03
42.15
18.42
33.90

288.87
288.39
288.37
288.41
288.42
288.70
288.39
288.49
288.76

3.71
2.24
2.92
2.68
2.39
3.13
1.87
11.97
1.73

Peak 1 is the C-C and C=C bonding indicative of graphitic carbon. The Peak 2
energy shift refers to a carbidic group C-H bonding and is symbolic of a precursor to
graphitic carbon. The Peak 3 energy shift refers to hydroxyl and pyrrole groups with
various C-O, C-OH, C-Cl, C-N, and C-NH type bonding, dependent on the specific
pretreatment. Finally, the Peak 4 energy shift refers to a carbonyl group composed of
C=O content [58], [59], [86], [88], [89], [90], [91].
The HCl pretreatment appeared to severely affect the surface functional groups
by eliminating purely graphitic carbon bonding on the surface and replacing it with C-H
and C-Cl functional groups. The reducing atmospheric at 400°C treatment completely
eliminated any carbonyl C=O content and created the highest content of graphitic
carbon bonding. Furthermore, several treatments created C-H surface groups that were
not evident in the untreated fibers. This analysis of surface functional groups is further
correlated in regards to resulting battery electrochemical performance in Section 4.5.

4.4 Carbon Fiber Electrochemical Performance Testing
This particular approach first created a typical novel lithium ion battery before
continuing a focus on replacing the anode. The novel battery components in the
approach used for an electrochemical testing baseline were an in-house solid state
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synthesized LiCoO2 powder as the cathode due to its high specific capacity of 140
mAh/g [11], [28] and the anode was a typical natural graphite powder (Alfa Aesar, t2N5)
that has a theoretical specific capacity of 372 mAh/g [31]. The cathode and anode
materials were prepared for use by adding a polymer binder material of polyvinylidene
fluoride (PVDF) (Alfa Asear, 44080) and a hybrid mixture of carbon nanofiber (Pyrograf
Products, PR-19-XT-LHT) and carbon black (courtesy of Timcal, Super C45).
Respective slurries were prepared in a solvent of N-Methyl-2-Pyrrolidinone (NMP) via
solid state synthesis and tape cast onto aluminum (cathode) and copper (anode) foils at
a thickness of 1 mm. The tapes were then dried under vacuum 15 inHg at room
temperature ~22°C for 12 hours to slowly remove the solvent at first, heat was then
applied at 100°C for 12 hours under the vacuum to finish removing the solvent and
drying the casts. The resulting baseline compositions were LiCoO2 + carbon black +
carbon nanofiber + PVDF (80/5/5/10 vol%) for the cathode and graphite + carbon black
+ carbon nanofiber + PVDF (82/4/4/10 vol%) for the anode. The remaining novel battery
components, which consists of the same separator and electrolyte materials utilized for
the baseline testing, were a Celgard 2325 polypropylene/polyethylene (PP/PE) tri-layer
separator material (courtesy of Celgard) and an electrolyte solution of 1M lithium
hexafluorophosphate (LiPF6) (Strem Chemicals, 03-0325) in ethylene carbonate (EC)
(Alfa Aesar, A15735) + diethyl carbonate (DEC) (Alfa Aesar, A12477) (3:7 vol%).
All of the electrochemical tests were conducted with CR2032 coin cells on MTI's
8 Channel Battery Analyzer. The protocol that each cell underwent was a slow
formation charge at a rate of C/40 for 1.5 cycles to fully obtain a fluent solid electrolyte
interface over the rough anode material. The formation of each cell was succeeded by
cycling at a constant current/constant voltage (CC/CV) rate of C/5 to C/20 to 4.2 V
followed by a CC discharge rate of C/5 to 3.0 V for 30 cycles each.
Once a baseline that was comparable to a typical lithium ion battery was
achieved, experimentation with substitutions of the different anode composite materials
into the battery for performance evaluations was conducted. The difference from the
novel cell architecture to the composite cell is the carbon fibers completely replaced the
graphite anode and respective current collector. This was conducted to create the
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environment of a truly composite multifunctional cell where the copper current collector
would not be required due to the electrochemical and structural properties of the carbon
fibers. The first series of carbon fiber electrochemical performance tests consisted of
the pretreated PAN based commercial grade T-300 (CST) fiber (Figure 59).

Figure 59 - Cathode based specific capacity electrochemical performance data of the different
pretreatments conducted to the carbon fiber anode.

As expected, the novel lithium ion battery architecture baseline performance
achieved a high reversible capacitance of 115 mAh/g followed by a low 5.7% capacity
fade over 30 cycles, in regards to the cathode. Additionally, all of the performed
pretreatments improved the electrochemical lithium ion battery potential of the untreated
carbon fiber fabric. The exception to increased performance was the hydrochloric acid
treatment, which never yielded a functional battery. The highest reversible capacity of
87 mAh/g was achieved by the sulfuric acid treatment, while the lowest capacity fade of
23%, over 30 cycles, was achieved by the reducing atmospheric treatment at 400°C.
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Furthermore, since the focus of this investigation was on the anode material, the same
carbon fiber electrochemical performance data was analyzed in regards to the anode’s
specific capacity (Figure 60).

Figure 60 - Anode based specific capacity electrochemical performance data of the different
pretreatments conducted to the carbon fiber anode.

The evaluation based on the specific capicity of the anode, derives that carbon
fiber has a much higher capacity to mass ratio than a traditional graphite material. The
highest specific reversible capacity achieved was 208.7 mAh/g from an atmospheric
heat treatment of 400°C. While, the graphite based anode demonstrated a mere 141
mAh/g specific capacity. Furthermore, the graphite based anode did not take into
account the current collecter required for fabrication mechanical stability. Even though
the carbon fiber anode performed at a lower effiency than the traditional graphite anode,
potential weight reductions achieved could compensate for the lower performance.
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It was projected that each of the previous pretreatments would similarly affect the
structure of other carbon fiber types. Therefore, the electrochemical performance
analysis should correspondingly change for each different treatment, regardless of
precursor materials. The next series of carbon fiber electrochemical performance
investigations consisted of an untreated fiber, a heat pretreatment of 200°C, and a
sulfuric acid pretreatment (Figure 61). The fibers utilized in this analysis was a PAN
based T-300 3K fiber (Cytec Thonel) and a Pitch based P-25 2K fiber (Cytec Thonel).

Figure 61 - Anode based specific capacity electrochemical performance data of PAN and Pitch
based carbon fibers subject to the same pretreatments.

This evaluation concluded that, as predicted, the same pretreatment performed
upon different types of carbon fibers would similarly affect their electrochemical potential
in a lithium ion based battery. Both treatments increased the initial cell’s capacitance,
while the sulfuric acid treatment contributed to a lower capacity loss over cycling.
Contradictory to literature, the pitch based fibers achieved higher capacities than the
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PAN based fibers; however, their capacity fade due to cycling was magnitudes higher
[57], [81]. An in depth assessment of each fiber, respective pretreatment, and resulting
electrochemical performance are exhibited for informative correlations that are difficult
to evaluate based exclusively on the previous performance data (Table 9).
Table 9 - Electrochemical performance analysis of pretreated carbon fibers in respect to achieved
capacity and resulting cyclic losses.
Carbon Fiber Capacity [mAh/g]
Lithiation Cycle
Supplier

Fiber

Alfa Aesar

Graphite

Tow Treatment 1st
-

-

3rd

30th

Delithiation Cycle
1st

3rd

30th

Formation
Capacity
Loss [%]

Cycling
Capacity
Loss 1st30th [%]

Cycling
Capacity
Loss 3rd30th [%]

202.0 139.0 133.0 141.0 138.0 133.0

30.2

5.7

3.6

None
Heat:
200°C
Heat:
400°C
Inert:
200°C
Inert:
400°C
Reducing:
200°C
Reducing:
400°C
Acid: 1M
Nitric
Acid: 1M
Sulfuric

399.8 138.7 115.2 199.3 133.9 114.5

50.2

42.5

14.5

363.1 161.1 151.6 198.8 159.3 150.7

45.2

24.2

5.4

381.5 161.3 144.9 208.7 156.5 139.7

45.3

33.1

10.7

365.5 150.0 131.5 179.8 146.6 129.8

50.8

27.8

11.5

325.7 161.7 136.3 184.3 159.6 133.7

43.4

27.5

16.2

364.8 160.9 137.0 178.1 156.8 135.9

51.2

23.7

13.3

346.8 149.4 146.1 189.6 148.6 146.1

45.3

23.0

1.7

429.9 156.7

56.8

55.5

43.8

381.3 167.0 154.7 203.6 166.6 154.3

46.6

24.2

7.4

350.8 156.4 103.8 191.2 151.5 102.7

45.5

46.3

32.2

382.9 185.5 146.5 230.4 180.0 146.3

39.8

36.5

18.7

CTS

T-300

1K

CTS

T-300

1K

CTS

T-300

1K

CTS

T-300

1K

CTS

T-300

1K

CTS

T-300

1K

CTS

T-300

1K

CTS

T-300

1K

CTS

T-300

1K

Cytec Thornel

T-300

3K

Cytec Thornel

T-300

3K

None
Heat:
200°C

Cytec Thornel

T-300

3K

Acid: 1M
Sulfuric

Cytec Thornel

P25

2K

Cytec Thornel

P25

2K

Cytec Thornel

P25

2K

None
Heat:
200°C
Acid: 1M
Sulfuric

88.8 185.9 147.2

82.7

346.7 169.2 154.5 193.8 167.5 151.6

44.1

21.8

9.5

361.4 244.0 166.1 279.1 239.4 164.2

22.8

41.2

31.4

393.1 282.6 197.1 309.5 278.6 196.8

21.3

36.4

29.4

408.9 286.2 208.2 320.5 276.9 207.4

21.6

35.3

25.1

Presented on Table 9 are the charge and discharge capacities of the different
samples at their 1st, 3rd, and 30th cycles. The formation capacity loss is the initial
irreversible capacity contributed to formation of the solid electrolyte interface SEI layer,
along with the resulting capacity loss due to cycling. The analysis speculated that the
SEI layer had not been fully formed in the first 1.5 cycles, and continued to grow
throughout initial cycling. This phenomenon is likely due to the rough interfacial surface
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resulting from the fiber strands. This led to further investigation on the capacity loss
from the 3rd to the 30th cycle of each cell. A much smaller capacity fade was evident for
all of the fiber treatments, confirming that the SEI was still forming through the 3rd cycle.
Furthermore, a mere 1.7% fade in capacity was achieved by a reducing atmospheric
treatment at 400°C from the 3rd to 30th cycle, prompting a huge 21.7% loss between the
1st to 3rd cycles.

4.5 Discussion
This goal of this section was to deliver an in depth evaluation of how different
pretreatments performed to carbon fiber fabrics affected the electrochemical
performance, as an anode, in lithium ion battery interactions. Nine different
pretreatments were performed to one type of fiber and the resulting effects were
characterized by SEM and XPS analysis.
The examination by SEM displayed distinct alterations of to the pretreated
samples. These alterations were splitting of the fiber strands and defects created on the
fibers surface, which allowed for more intercalation sites [58]. The effects of these sites
on the capacity were not evident through the initial lithiation of ions into the carbon fiber;
however, the reverse capacity loss achieved by most of the pretreatments was lower
than the untreated sample.
Associations can be made from the XPS determined surface functional groups
on the carbon fiber and resulting electrochemical performance. A dominant graphitic
carbon phase must be present in the material. The hydrochloric pretreated fiber
eliminated this functional group, resulting in failed electrochemical functioning in a
battery. Furthermore, a higher concentration contributed from the carbonyl surface
group resulted in higher capacitance losses. This is likely due to a large decomposition
of the electrolyte with the C=O molecules generating gases of CO and CO2 during the
charging process [46], [48]. The stronger the bond of the oxygen, the harder it is to
maintain the capacity throughout cycling [92]. This capacity loss is also due to partial
exfoliation within the carbon fiber layers, resulting in extended growth of the SEI layer
[48], [49]. However, treatments that lowered the surface oxygen content also lowered
electrochemical

interactions

with

the

electrolyte
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solution.

This

inhibited

the

decomposition of electrolyte reactions on the carbon fiber surface, resulting in higher
efficiencies throughout cycling [89].
This investigation determined that all of the pretreatments performed, except
nitric

and

hydrochloric

acids,

positively

affected

the

carbon

fiber materials

electrochemical properties. Substantial increases of the initial reverse capacitance, as
well as a lower capacity loss throughout cycling were evident from the rest of the
pretreatments.

The

exceptional

pretreatments,

in

regards

to

electrochemical

performance of carbon fiber in a lithium ion battery, were heat 200°C, reducing 400°C,
and sulfuric acid.
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Chapter 5: Mechanical Evaluation of Structural Cells
5.1 Introduction
This chapter is a mechanical evaluation of the second path with the overall goal
to fabricate a composite multifunctional lithium ion battery (Figure 20). The assessment
was derived by modifying a typical multifunctional lithium ion pouch battery by creating
perforations through the cell to increase bending strength and reduce delamination of
internal components. This modified architecture allows for a highly formable battery,
which when layered within a composite matrix, enhances the normal and shear
strength. In this chapter, four-point beam flexure testing was used to characterize the
relation between the perforation modifications and the structural strength, as well as the
remaining capacity of each modified structural cell.

5.2 Modifications to Classical Cell Architecture
The aim of this task was to develop processing methods to create perforations
(holes or “vias”) through the cell, and characterize the effect of these vias on the
functional battery area and flexural strength of the modified architectures.
The other institutions and companies currently working in the area of
multifunctional structural batteries consist of a different approach by notably using offthe-shelf batteries in a structure instead of truly integrating the battery and structure
together. One of their approaches focuses on removing internal polymer components of
the functional structure and replacing them with commercial lithium ion cells sandwiched
into structural panels. This eliminates the need for a secondary battery subsystem,
which in turn reduces the volume and weight of the structure or craft. Testing showed
that the alteration of internal structural components did not compromise the structure’s
required mechanical properties [10], [60]. Another proven example of combining the
structure and battery is in unmanned air vehicles demonstrated in the Wasp micro air
vehicle wing skin. The Wasp design approach added a structure function to already
existent systems by stacking battery cells with a carbon fiber cloth layer between the
separate cells, in combination with incorporating a carbon epoxy layer around them
(Figure 18). This accomplished a lighter overall structure with enhanced mechanical
strength leading to an overall success evident in longer flight times; however, the
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slightly customized cells designed to fit the Wasp cost thousands of dollars to purchase,
and there are only a few manufacturers willing to fabricate customized cells [1], [60].
The approach of this research is to truly integrate the structure and battery into one
combined and truly customizable multifunctional component.

5.3 Composite Samples
These samples were designed to lay the groundwork for fabricating object
specific structural batteries. The design, fabrication, and testing of each configuration
are discussed in this section.

5.3.1 Design
All of the mechanical samples tested were fabricated in a two-ply composite
structure of carbon fiber fabric. The battery active area of these cells were calculated
and utilized in the final capacity and current density calculations. The simulated battery
samples did not contain the electrolyte solution for initial safety purposes, but further
testing of this section include in-situ mechanical testing of fully-functional battery to
determine effectiveness of this modified architecture under real world applications.
Twelve different architectures of test cells were manufactured in order to
determine the optimal configuration of the perforations, which after deflection testing
were related to the increased strength of the cell before delamination and reduced
capacity of the cell due to the perforations. Each configuration was drawn in SolidWorks
to illustrate the different derived architectures and corresponding labels (Figures 62-72).
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Figure 62 - Schematic of the one large via cell: 1.9.

Figure 63 - Schematic of the two large via cell: 2.9.

Figure 64 - Schematic of the three large via cell: 3.9.
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Figure 65 - Schematic of the one small via cell: 1.5.

Figure 66 - Schematic of the two via cell: 2.5.

Figure 67 - Schematic of the three via cell: 3.5.
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Figure 68 - Schematic of the one, paired small hole cell: 2.55.

Figure 69 - Schematic of the three via mixed cell: 3.959.

Figure 70 - Schematic of the three via mixed cell: 3.595.
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Figure 71 - Schematic of the four via diamond cell: 4.5.

Figure 72 - Schematic of the five via diamond cell: 5.5.

These configurations were based on a combination of two different diameter vias
distinctly designed and implemented for each proposed structural battery to increase
the mechanical strength. The designs included linear, as well as a pairing of the
perforations to determine how each diameter and specific placement geometry
increased the overall mechanical properties. The increase in delamination strength was
then directly related to the remaining useable battery area to extrapolate the best design
for fabrication of different object specific shapes as structural batteries.
Each via creates a channel for the epoxy matrix when being fabricated within a
composite object, which is the key point of the design of a formable structural battery.
These reinforcement vias pass through the active components within a pouch battery,
allowing for shear reinforcement throughout the interior of the battery compartment.
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Although vias reduce the overall capacity, they permit the ability to customize the shape
of the battery. Consequently, this eliminates the requirement of designing components
around a traditional battery and allows for integration of the power supply throughout the
structural component.

5.3.2 Fabrication
The carbon fiber utilized for fabrication of structural batteries in this testing was a
2

PAN-based 1K plain carbon fiber weave, with a light 118.7 g/m weight, and a 178 μm
thickness (CF14X, The Composites Store). Samples were fabricated based on 0°/90°
two ply orientations, with the structural battery architectures employed as the core. The
samples were fabricated by a vacuum infusion technique that allowed the assembly of
the carbon fiber mats and all of the core structural battery architectures in a single step.
The epoxy system employed for this fabrication was the 635 thin epoxy resin system,
with the corresponding 556 slow epoxy hardener (US Composites). Selection of this
particular system was based on the desired long working time of 40 minutes and the low
viscosity of 600 cps. This permitted an even flow of the epoxy throughout the entire
layup based on the employed vacuum infusion technique.
The vacuum infusion technique used vacuum pressure to drive the epoxy resin
into the composite materials. This allows for all of the dried materials to be properly
layered together where vacuum pressure is then applied upon the materials, allowing
for adjustments to any of the individual components before any resin is introduced to the
system. Once a full vacuum is achieved, the resin is forced through the layup via
vacuum tubing. This process results in a much better fiber to resin ratio than the hand
layup process, which introduces the epoxy resin to each layer as it is being fabricated
[93], [94].
This in-house fabrication of manufacturing structural batteries for mechanical
testing began with cutting the cathode (aluminum) and anode (copper), 50.8 μm thick,
foils to form the current collector into the designed shape. The vias were carefully
measured and marked for each structural architecture on the foils where they were each
precisely produced with a round hole arch punch. These foils were layered together with
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a tri-layer polypropylene/polyethylene/polypropylene (PP/PE/PP) separator membrane
(Celgard, 2325) between them to mimic the internal components of a lithium ion battery.
These components were then stacked between two 127 μm thick pieces of an ultra-high
molecular weight polyethylene (UHMW-PE) film (CS Hyde Company). This film was
selected due to the chemical resistance and physical makeup of PE not affecting the
chemical reactions within a functioning lithium ion battery. Also, the low melting point of
PE allowed for a heat sealing technique of the material without any effect to the internal
battery components. Once layered, the PE was completely heat sealed around the
edges of the internal battery components and between each manufactured via. A
smaller round hole arch punch was then utilized once again to produce a slightly smaller
hole through the sealed PE in each via to create an open channel for the epoxy matrix
to occupy during vacuum infusion.
The initial step for the composite manufacturing was to measure and cut all of the
required materials to length with a rolling blade on a cutting board (carbon fiber, release
film, perforated mesh film, and breather cloth). The fabrication layup of these structural
batteries were conducted on a sheet of glass starting with a light layer of wax, to
prevent sticking and allow for an easy release of the composite layup once the epoxy
hardens (Figure 73). The first material layer on the wax coated glass was a 0°/90°
oriented carbon fiber fabric, next were the sealed structural battery samples evenly
spaced throughout the fabric, followed by another layer of 0°/90° oriented carbon fiber
fabric. These materials were all of the materials required for the laminate structural
batteries; the rest were purely utilized for fabrication purposes.
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Figure 73 - Picture of applying a thin layer of paste wax, with cloth, onto the glass sheet.

The first fabrication layer on top of the composite sample was a perforated
release film known as peel ply. This nylon micro-porous layer is designed to not bond
with epoxy, while allowing the flow of epoxy resin through it during vacuum infusion.
Once the epoxy was cured, the release film easily peeled off of the fiber laminate and
resulted in a smooth textured surface. The next layer placed above the release film was
a perforated mesh film. This layer provided pathways to assist in an even distribution of
epoxy, in addition to holding resin in the laminate under vacuum. The last material was
a polyester breather cloth that allowed air to be distributed throughout the entire setup.
Also, this material absorbed excess epoxy during infusion to ensure an even distribution
of resin was achieved.
The next step in the vacuum infusion process was a layer of sealant tape used to
surround all of the materials and the waxed surface. Evenly spaced around the layup
were vacuum tubes with sealant tape wrapped around them in order for the epoxy to be
infused during vacuum on the setup. A channel for the vacuum to be pulled was laid
through the middle of the sample with the breather cloth surrounding it to prevent epoxy
from entering the vacuum system, as well as, providing an even distribution for the
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vacuum to be pulled. The top layer covering all of the materials is a 76.2 μm thick
polyethylene thin film that is attached to the sealant tape surrounding the composite
layup, which allowed for vacuum to be pulled throughout the entire setup at once [94],
(Figures 74 and 75).

Figure 74 - Schematic of typical components utilized in a vacuum forced epoxy infusion system
[94].
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Figure 75 - Picture of in-situ epoxy flow during vacuum forced infusion on composite batteries.

Once all of the materials were in place, all of the vacuum tubes are clamped off
to create a completely sealed off system where the vacuum was then introduced and
the setup was checked for leaks. After a full vacuum was achieved (~18 inHg), a large
batch of epoxy was synthesized at a 2:1 resin to hardener ratio and transferred to
smaller cups.

The vacuum lines are then inserted into the mold and the vacuum

infusion process is initiated. This procedure required about 30 minutes for full infusion
where the lines were once again clamped off and the layup was left to dry until cured for
a full 24 hours. The next step was to remove the fabrication only materials leaving a
sheet of 0°/90° oriented two ply carbon fiber with the structural core battery samples
inside. The structural batteries were measured and cut to size with serrated scissors
where they now were ready for mechanical analysis.

5.3.3 Four Point Beam Analysis
The protocol followed for this testing was ATSM Standard D6272-10, which is for
"Flexural Properties of Unreinforced and Reinforced Plastics and Electrical Insulating
Materials by Four-Point Bending". This standard called for a sample with dimensions of
101.6 mm in length by 25.4 mm in width across a 50.8 mm support span. The
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crosshead rate was dependent on the thickness of the sample being tested, which was
consistent between all of the composite materials and was determined by:
Eq. 4 - 𝑹

= 𝟎. 𝟏𝟔𝟕𝒁𝑳𝟐 /𝒅

Where R is the rate of the cross motion [mm/min], L is the support span [mm], d is the
thickness of the sample [mm], and Z is the straining rate of the outer fibers. Five
samples of each simulated multifunctional battery were examined in each test as
required by ASTM standards.
The testing machine utilized for conducting the four-point bending was an Instron
model 3365 universal test machine. The apparatus for testing was manufactured inhouse according to ASTM specifications for a one half support span, four-point bending
protocol. This protocol calls for a beam that is loaded in flexure at two central points and
supported at two outer points. The maximum stress occurs in the fibers between the
two central loading points that define the load span. The stress is than able to be
calculated for any point during the deflection by:
Eq. 5 -

𝟐

𝑺 = 𝟑𝑷𝑳⁄𝟒𝒃𝒅

Where S is the stress in the fiber throughout the load span [MPa], P is the load at a
given point [N], L is the support span [mm], b is the width of the beam [mm], and d is the
depth of the beam [mm].
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Figure 76 - Delamination occurring in mechanical samples during four point bending.

The point of delamination is identified as the point where the battery would cease
to fully function electrochemically and the carbon fiber structure began to separate;
however, significant strength of the composites typically remained even after failure.
The tests were conducted at the determined rate until delamination occurred in each
sample recording the load required for the deflection every second. The stress for each
test was calculated at every increased deflection point until delamination of the sample
occurred (Figure 77).

105

Figure 77 - The stress and deflection ranges of the different proposed structural battery
architectures.

This analysis exemplified how the architecture of each structural battery affected
inherent mechanical properties. For each series of five samples, the average stress was
graphed at the average deflection point where delamination occurred. Error bars were
also incorporated to display the range of all five samples, in regards to their stress and
deflection delamination points. Additionally, the loss of functional battery area from each
design, resulting from the manufactured vias, is another characteristic that was
compared to the corresponding strength (Table 10).
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Table 10 - Functional area of structural battery architectures in regards to strength of architecture
before flexure before delamination.
Average
Flexural
Strength
[MPa]

Average
Delamination
Deflection
[mm]

Battery
Core
Architecture

Functional
Battery
Area [%]

None
2.55
1.5

100.0
98.5
99.2

21.86
32.52
32.66

3.61
3.71
3.95

2.5
3.5
4.5
5.5
3.595
3.959

98.5
97.7
97.0
96.2
96.0
94.3

35.50
47.43
46.37
55.57
50.62
65.58

4.02
5.93
6.69
7.53
7.57
7.40

1.9
2.9

97.5
95.1

47.21
58.71

5.87
6.12

3.9

92.6

71.27

8.54

The common trend for all of the simulated composite battery architectures
showed an overall steady increase in strength, while more of the functional battery area
was removed for the existence of an epoxy matrix through perforated vias. The average
rate of this observed strength increase throughout the different structural architectures
was 6.6 MPa for a 1% contribution from the useable battery area to the epoxy matrix.
Similarly, the flexibility of the different battery designs, before delamination, also
increased at an average rate of 1.11 mm for every 1% loss of functional battery area.
This substantial strength increase was manifested in the reduction of delamination and
wrinkling incidences within the multifunctional battery architecture.
The purpose of this evaluation was to provide the ability of selecting an optimal
core architecture best designed for an object specific multifunctional battery. Selection
criteria are based on the resulting components required strength, rigidity, and required
power.

5.3.4 In-Situ Multifunctional Battery Four Point Beam Analysis
To truly complete this evaluation, a functioning multifunctional battery based on
one of the proposed core architectures was manufactured and analyzed. Other groups
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have performed mechanical integrity testing on pouch type and cylindrical type
batteries. Their respective mechanical investigations have composed of: compression
between flat plates, indention, four bar shear, three and four point bending. Furthermore
finite element simulations were typically conducted for each of their specific tests [95],
[96]. One group performed indentation testing on both types of these cells, while
measuring voltage and temperature, as the battery experienced mechanical
deformation until failure [97]. Furthermore, another group investigated the capacity fade
observed while discharging pouch cells under a constant compressive stress [29].
However, in-situ electrochemical performance analysis with correlating mechanical
integrity testing had not been performed.
The main approach performed to improve the multifunctional performance, by
other groups, consist of embedding commercial lithium ion pouch cells within different
structural panels. Subsequently, other groups are working on ways to improve the
mechanical characteristics of the actual electrodes in order to improve the battery’s
mechanical properties [1], [10], [60].
The architecture selected for an in-situ combined electrochemical and
mechanical performance test was the 1-9 large via cell. This architecture was selected
due to resulting strength and deflection properties range was near the middle of all the
proposed battery designs. Fabrication of this cell was conducted similar to the previous
protocol, with the addition of cutting tabs on the foil current collector for electrochemical
testing, and injection the required liquid electrolyte before complete sealing of the
battery. The testing protocol of this cell began with a C/25 SEI formation of 1.5 cycles.
This was followed by a typical C/2 CC discharge to 3.0 V with a C/2 to C/20 CC/CV
charge to 4.2 V to show the expected performance of this structural cell.
The next step consisted of a C/2 discharge while simultaneously conducting four
point beam deflection testing to determine the durability of the structural cell as it begins
to fade until failure (Figure 78). Mechanical testing was initiated once the battery
approached 3.8 V to ensure a stable electrochemical discharge rate. As pressure was
applied to the battery, the voltage steadily rose continuing to function past the point of
delamination to the outer layered carbon fiber composite laminate (Figure 79). Once the
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mechanical cycle was completed the voltage dropped instantly back down to 3.77 V.
Since the battery did not experience a catastrophic failure, the electrochemical test
continued while repeating in-situ mechanical analysis at 3.7 V, 3.6 V, 3.5 V, and 3.4 V
(Figure 80). The multifunctional cell continued a discharge to 3.0 V, where it was fully
cycled once more to determine if it was still functional after mechanical deformation
(Figure 81).

Figure 78 - Picture of in-situ multifunctional battery analysis equipment.

Figure 79 - Picture of in-situ multifunctional battery composite laminate delamination, while
electrochemically tested under mechanical four-point beam load.
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Figure 80 - The in-situ analysis of a 1.9 large via multifunctional battery voltage, during a C/2
discharge rate, aligned with corresponding four-point beam strength evaluations.
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Figure 81 - Electrochemical performance analysis of the 1.9 large via designed multifunctional
battery: before, during, and after mechanical deflection investigations.

The electrochemical performance obtained from the multifunctional battery in-situ
mechanical strength investigation was revolutionary. A complete delamination and
electrochemical failure of the internal battery components was anticipated to occur at
the strength where shear delamination was transpired to the composite laminate layers.
Electrochemical failure was also proposed to occur attributed to fracturing of the heat
sealed UHMW-PE battery case while under mechanical loads. Since an internal short
circuit of the battery was expected, that can lead to thermal instability, electrochemical
loading was programmed to terminate if the voltage drop was sudden and
uncharacteristic. However, the battery did not experience complete failure under the
imposed mechanical loading and continued to function, at a reduced efficiency, even
after five mechanically induced deformations. Furthermore, a significant strength of the
multifunctional battery remained even after shear failures. An increase of voltage was
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also observed during each mechanical cycle; once complete, the voltage dropped and
the battery continued to discharge at a steady rate.
The multifunctional battery experienced a capacity loss of 37% during to the
imposed mechanical forces, and another 41% loss after deformation. This high loss is
contributed to soft shorting; this failure method is irreversible and is due to very small
localized contacts of the electrode layers through the separator due to mechanical
deformation [97]. The retained strength of the multifunctional battery is due to the type
of mechanical failure observed in the composite laminate structure. Only a skin
compressive failure of the laminate layers occurred during deflection, whereas a core
shear failure of the epoxy matrix filled via did not occur [98], [99]. The observed failure
allowed the battery to retain a high level of rigidity, experiencing an 18% deterioration of
strength throughout repeated mechanical measurements.
Lastly, the voltage increase observed under mechanical loading, was not
documented throughout literature in any mechanical evaluations to batteries. This
phenomenon is believed to have occurred due to the increasing mechanical pressure
on the battery shrinking available pore volume in the micro-porous separator [29]. As
more of the pathways for ionic transport were blocked, the potential energy of the
battery temporarily increased as a result of a greater separation in the electrically
charged electrodes.

5.4 Discussion
The ultimate goal of this section was to conduct a mechanical evaluation of
several different architecturally modified lithium ion pouch batteries. Perforations were
created at different structural points throughout the battery, with the purpose to increase
bending strength and reduce delamination of internal components. This evaluated
modification created formable multifunctional structural batteries, which when layered
within a composite matrix enhanced the normal and shear strength.
The data interpreted from this chapter allows for the design of object specific
structural batteries, based on the required strength and electrochemical output of the
structural component. These requirements determine the architecture necessary for
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fabrication of an optimal battery for specific applications. Furthermore, this proposed
type of architecture modification to the classical cell architecture was proved to be
possible and effective through in-situ electrochemical and mechanical investigations to
an in-house manufactured multifunctional battery. Although this mechanical data is from
single cell batteries, more than one cell can be layered within the structure and
interconnected to increase the voltage or capacity of the cell depending on the desired
application. These designs allow for the ultimate optimization of each fabricated cell to
be specifically tailored to the demand for its application.
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Chapter 6: Conclusions and Future Work
The aim of this research was to design and test two composite multifunctional
battery architectures that can serve as a structure as well as the power supply for a
structural component. The work first focused on the cyclic voltage-capacity testing of
the first battery architecture (Figure 19).

Several differently pretreated carbon fiber

composite fabrics were substituted as the anode material, where they underwent the
same electrochemical protocol and their resulting performance was compared. The
second part of this work centered on the mechanical testing of the second battery
architecture (Figure 20). This second architecture consisted of the modification of a
conventional multifunctional lithium ion pouch batteries design by creating perforations
through the cell which develops a formable multifunctional battery with enhanced
mechanical strength.
The electrochemical testing of the first battery architecture was conducted in coin
cells. Once a baseline cell was established that demonstrated a 5.7% capacity loss due
to cycling, pretreated carbon fiber composite materials were directly substituted for the
anode component. There was a 42.5% relative capacitance loss due to the substitution
of an untreated carbon fiber fabric anode, whereas a reducing atmospheric
pretreatment at 400°C positively affected the surface of the carbon fiber anode resulting
in only a 23% loss of capacitance over cycling. Further analysis of pretreatments to
other carbon fiber fabrics confirmed that the designated pretreatments similarly affected
their electrochemical performance. This testing proved that carbon fiber is a viable
alternative battery material, despite lower electrochemical performance rates.
Future electrochemical analysis would include a more in-depth investigation of
the pretreated carbon fiber materials. An XPS deconvolution of the O 1s and N 1s
peaks could further define surface functional groups on the fibers. X-Ray diffraction
characterization should also be incorporated to determine if the different pretreatments
altered the physical structure of the fibers. Additionally, tensile testing would determine
structural deterioration of the fiber strands. Different electrolyte systems should be
implemented to determine if other carbonate solutions would react differently with the
modified surface functional groups; therefore, possibly lowering the initial irreversible
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capacitance loss and resulting fade throughout cycling. Lastly, a more thorough
evaluation on the effects of different composite separator materials should be initiated in
order to determine the best performing combination of composite materials that can be
applied to the prospective goal.
The electromechanical testing of the second battery architecture showed that the
perforated battery pouch structure enhanced the normal and shear strength of the
composite structure. In-situ electromechanical four point beam analysis of a modified
architecture experienced skin compressive failure of the laminate layers during
deflection, whereas a core shear failure of the epoxy matrix filled via did not occur.
However, the multifunctional battery did experience a capacity loss of 37% during
imposed mechanical forces, and another 41% loss after deformation to the structure.
The evaluation from this approach can be applied to the prospective goal of fabricating
a high capacity composite multifunctional battery with enhanced strength by utilizing an
epoxy matrix through the cell at key structural points.
A future electromechanical analysis would entail the fabrication of complex
architectural multifunctional batteries. Further in-situ testing, to determine where internal
irreversible soft shorting initiates, would determine the true durability of the proposed
battery architectures. Also, micro-sized via architectures for the epoxy matrix should be
investigated in regards to minimizing the capacitance loss of multifunctional batteries.
The future aim of this work is to combine the different approaches and fabricate
the battery as a continuous part of the composite structure instead of a separate piece,
or add on part, to the structure. Results of this research provide designs that could be
tailored and fabricated in order to suit specific mechanical and electrochemical
requirements in different transportation vessels and mechanical structures. Examples
include the wings and fuselage of aircraft, to the exoskeleton of a robotic body, or even
the complete interior (composite components) of a highly specialized vehicle.
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Appendix A
Split cell initial carbon fiber anode and fiberglass separator performance data.
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